Three dimensional characterization of failure evolution of tin and silicon in lithium ion battery electrodes by Gonzalez, Joseph Fernando
  
 
 
 
 
 
 
 
 
 
 
 
 
© 2015 – Joseph Fernando Gonzalez 
All Rights Reserved 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
THREE DIMENSIONAL CHARACTERIZATION OF FAILURE EVOLUTION OF TIN AND 
SILICON IN LITHIUM ION BATTERY ELECTRODES 
 
 
 
 
 
BY 
 
JOSEPH FERNANDO GONZALEZ 
 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements  
for the degree of Doctor of Philosophy in Aerospace Engineering 
in the Graduate College of the  
University of Illinois at Urbana Champaign, 2015 
 
 
 
Urbana, Illinois 
 
 
 
 
Doctoral Committee:  
 
 Professor John Lambros, Chair and Director of Research   
 Professor Ioannis Chasiotis 
 Associate Professor Shen Dillon 
 Assistant Professor Huck Beng Chew
 ii 
ABSTRACT                  
        High capacity lithium ion (Li
+
) host materials, such as silicon (Si) and tin (Sn), serve as 
potential replacements to graphite in composite battery electrodes because of their higher 
gravimetric capacity when reacted with lithium, thus providing higher energy and power. Sn has 
a theoretical capacity of 994 mAh/g, which is three times that of graphite, while Si possesses 
over eleven times that of graphite with a capacity of 4200 mAh/g. However, unlike graphite, full 
lithiation to the composition of Li3.75Sn or Li3.75Si, at room temperature, is accompanied by 
significant volume expansion, resulting in particle fracture and subsequent loss of functionality.  
In this work, the utilization of Sn and Si as high capacity alternate host materials in the 
form of particles within composite electrodes or wire was investigated in Li-ion batteries. 
Galvanostatic cycling with potential limitation was used in conjunction with the three-
dimensional (3D) imaging technique of X-ray micro-computed tomography (microCT) to gather 
detailed accounts of Sn/Si microstructural evolution, allowing the analysis and characterization 
of these host materials during the critical early cycles of lithiation/delithiation (i.e., the insertion 
and extraction of Li
+
, respectively). Combining in-house algorithms with commercial software, 
3D visualizations and measurements were made of particle/wire expansion and cracking. To 
portray the Li intercalation phase within the host material, a phase characterization method for 
both global and local imaging was suggested and showed promising results in relation to 
observed 2D extracted slice data and SEM imaging. Different failure mechanisms were resolved 
for Si and Sn, in addition to inhomogeneous Li diffusion into host particles/wire. Particles were 
also characterized into three different categories based on their evolution: inactive, partially 
active, and fully active. “Effective” volume expansions (i.e., without accounting for individual 
crack boundaries) were computed between 200% and 450% during lithiation, and effective 
 iii 
volume reductions of 50% were measured during delithiation. Relationships between the gray 
scale intensity change, volumetric expansion, and particle size were established. A correlation 
between gray scale intensity and volumetric expansion was also recognized allowing the 
determination of particles as inactive, partially active, or fully active. Finally, the relaxation 
effects of Sn following lithiation were also investigated showing varying reaction mechanisms 
between damaged and undamaged material.  
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1. CHAPTER 1: INTRODUCTION        
 Increasing demands to develop better sustainable energy systems and decrease 
dependency on fossil fuels are leading to new energy technologies. Electric energy storage 
systems are vital to a wide range of applications, including two of the fastest growing industries: 
transportation and portable electronics. The most common energy storage system that powers 
these technologies is rechargeable batteries. Contrary to primary batteries (i.e., single-use), 
rechargeable batteries convert chemical energy to electrical energy and repeat this conversion 
multiple times. The first form of a rechargeable battery used in the automotive industry was the 
lead-acid battery, first serving as the power supply for the engine starter motor, while the internal 
combustion engine (IC engine) propulsion system provided the source of acceleration. Different 
technologies within the transportation sector have been introduced since the 1990s, such as 
nickel-metal hydride (Ni-MH) batteries for hybrid electric vehicles (HEV). The HEV technology 
converts the vehicle’s kinetic energy from heat waste, due to braking, into electric energy to 
charge the battery for use as the electric propulsion system, thus improving fuel economy [1, 2]. 
Further demands continue to push the transportation market for increased energy storage systems 
of smaller size and weight.  
 Since its introduction in the late 1990s, the lithium ion battery (LIB) has revolutionized 
energy storage for systems requiring capabilities of high specific energy density, power, lack of 
memory effect, and cyclability [3-5]. LIBs offer many advantages in comparison to other battery 
technologies because they are lighter, rechargeable, and have a long shelf time with a low self-
discharge rate of ~1.5%/month. In regards to the transportation market, the combination of 
increased energy storage capacity with specific power of Li-ion chemistries began the shift away 
from Ni-MH enabling capabilities like travel by battery power alone. Later, the implementation 
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of battery charging via home alternating current (AC) power led to the plug-in HEV (PHEV), 
allowing transportation solely on battery energy for distances less than 60 miles. The ideal goal 
for the transportation market would be to manufacture a completely operative battery electric 
vehicle (BEV or EV), which would rely only on battery power for the vehicle propulsion system 
and other vehicular functions. The same demands for higher and better energy storage systems 
apply for the portable electronics market.  
 In comparison to other energy storage systems and battery technologies, Li-ion 
chemistries offer the best combination of specific energy and power for a wide range of 
applications. For comparing different battery technologies, the Ragone plot in Figure 1.1 allows 
the characterization of energy systems differing in chemistry, size, shape, and weight. The 
horizontal axis of the Ragone plot is the specific power and the vertical axis is the specific 
energy. The diagonal lines within the plot represent the relative charge/discharge rate, or C-rate. 
The C-rate is used to signify a charge/discharge rate equal to the capacity of a battery divided by 
1 hour (hr or h), i.e., C-rate of C/10 means it would theoretically take 10 h to discharge or charge 
a battery (represented as the 10 h diagonal line in the Ragone plot). The overall operational 
goals, in the case of electric vehicles and other forms of transportation, are marked with stars on 
the Ragone plot. The overall trend seen in the plot is that energy and power play against each 
other, i.e., increasing one happens at the expense of the other. Devices that show higher values of 
specific power have faster energy output within a quantified time period, while those that exhibit 
higher specific energy delivers a specified amount of power for a longer time period. It is easily 
evident that the Li-ion technology yields both higher power and energy in comparison to the 
previously discussed lead-acid and Ni-MH technologies.  
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Figure 1.1 Ragone plot of specific power versus specific energy for varying battery technologies 
[6].  
 
 This chapter provides background context on the operation and current technologies of 
LIBs. Chemistries using high capacity materials are discussed as the main focus of this study. 
Prior literature is presented in the field of LIB characterization, as well as other imaging 
techniques that have been employed. Finally, the objectives of this dissertation are stated.  
 
1.1 Lithium Ion Battery Operation  
 The main components of a LIB are the anode and cathode electrodes, the separator, and 
the metal current collectors. Inside, the LIB is filled with liquid electrolyte that conducts Li-ions 
(Li
+
) but not electrons (e
-
). The electrodes are attached to a metal current collector that connects 
to an external circuit, allowing the transfer of electrons. The LIB produces an electrical current, 
I, through the conversion process of chemical to electrical energy.   
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 The reduction-oxidation (redox) reaction is the dominant chemical reaction that drives all 
batteries. Reduction is the gain of electrons while oxidation is the loss of electrons, a concept 
commonly remembered as OIL-RIG (oxidation is loss, reduction is gain). The anode electrode is 
where ions are oxidized and experience a loss of electrons, while the cathode electrode is where 
the ions are reduced and gain electrons. The redox reaction takes place as two half reactions at 
each electrode. In the example case of Figure 1.2 (a), the LIB cell discharge reaction is first 
described. It is noted here that “discharge” means that the battery cell as a whole is discharged 
(i.e., experiences a loss of voltage), as electrons travel the external circuit providing electrical 
energy or load. For LIB cell charging, energy must be supplied to drive the current in the 
opposite direction (counter to the working electrode). The anode is considered here as the 
electrode of interest and is referred to as the working electrode (negative electrode). The working 
electrode in Figure 1.2 (a) is represented as a carbon-based material, C. The cathode is the 
counter electrode (positive electrode) comprised of a metal oxide, M (common oxides: FePO4, 
CoO2, Mn2O4). The overall reaction shown below the voltage versus time plot represents LiC6 as 
the working electrode and M as the counter electrode. As the LIB cell is discharged, the working 
electrode loses electrons through an external circuit and loses Li
+
 via diffusion through the 
electrolyte. The loss of Li
+
 at the working electrode, the anode of interest, is termed delithiation. 
As the reaction continues, the voltage of the LIB cell drops and the Li
+
 are intercalated into the 
counter electrode. As the reaction reverses (Figure 1.2 (b)) the cathode behaves as an anode and 
the anode as a cathode. External energy must be supplied to drive the reaction and transfer of the 
e
-
 and Li
+
 from the counter electrode back to the working electrode. This process is termed 
lithiation of the working electrode and charging of the LIB cell and results in an increase in 
voltage. Depending on whether the cell is being lithiated or delithiated along with the direction 
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of the electron, either electrode can be the anode or cathode at a given instant; however, the 
working electrode (negative) and counter electrode (positive) labels do not change based on the 
reaction direction. The positive electrode always refers to the electrode with higher potential 
while the negative electrode refers to the electrode with less potential. For the remainder of this 
work, the lithiation and delithiation convention is used along with working electrode’ and 
‘counter electrode’ labels to prevent confusion of the anode and cathode configurations.    
 
 
Figure 1.2 Typical LIB cell operation during (a) delithiation and (b) lithiation of the working 
electrode. Schematic shows Li
+
 and e
-
 movement with all components labeled. Example voltage 
versus time profiles are shown below schematic for specified reaction (shaded in green).  
 
 
1.2 Commercial Anode Material and High Capacity Alternatives 
 The most commonly used active material in commercial LIB anode electrodes is 
graphite. This material consists of a layered intercalation structure that facilitates the insertion 
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and extraction of Li. Upon lithiation, a lithium-graphite compound is of the form LixC6, where 0 
≤ x ≤ 1 is the measured amount of Li stored within the graphite material and electrode. This x 
amount is commonly referred to as the degree of lithiation, or fractional occupancy. Stable 
phases up to LiC6 are possible with the corresponding theoretical specific capacity of 372 
mAh/g. To accommodate Li intercalation within graphite, a volume expansion of 10% has been 
reported when fully lithiated [7]. Repeated delithiation- and lithiation-induced contraction and 
expansion of graphite can result in particle fracture and structural electrode damage, as shown in 
Figure 1.3 where SEM images demonstrate the before and after cycling of graphite particles. It 
was reported that graphite particles cracked as a result of many charge and discharge cycles and 
led to passivation and formation of solid electrolyte interface (SEI), generally accepted to be 
caused by the reduction of electrolyte within the LIB [7-9]. This layer of SEI forms on the 
surface and consumes Li
+
 often, leading to capacity fade of the LIB.  
 
Figure 1.3 SEM images of graphite particles of anode electrode in (a) pristine condition and (b) 
after 140 cycles at 25°C [9].  
  
 Current LIBs based on traditional transition metal oxide cathodes and graphite anodes are 
being pushed to their limits and thus their performance can definitely be improved. To achieve 
the next generation of LIBs, chemistries with higher volumetric and gravimetric energy densities 
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need advancement, such as those based on Si and Sn anode materials [10, 11]. Si and Sn are 
known to deliver much higher gravimetric capacity than graphite when reacted with lithium 
because both of them can be theoretically lithiated to Li4.4Si or Li4.4Sn at elevated temperatures. 
When fully lithiated, Si and Sn undergo significant volume expansion, as high as 320% and 
260% for Si and Sn, respectively [12-14]. However, at room temperature, the highest degree of 
lithiation achieved for both Si and Sn are Li3.75Si and Li3.75Sn, which causes volume expansions 
of 263% and 190%, respectively, of the particles [15]. A comparison of the electrochemical 
properties of the different anodic materials and lithium metal are summarized in Table 1.1. The 
reported large-scale volumetric change in Si and Sn lead to the pulverization and fracture of the 
electrode particles and thus reduces battery life, capacity, and functionality [3, 11, 14]. 
Understanding the degradation and microstructural change is vital towards combating capacity 
fade and loss of functionality.  
 
Table 1.1 Summary of specific capacity, volume change, lithiation phase, and potential for 
anodes of interest in this work [14]. 
Materials Li C Sn Si 
Density (g/cm
3
) 0.53 2.25 7.29 2.33 
Lithiated phase Li LiC6 Li4.4Sn Li4.4Si 
Theoretical Specific Capacity (mAh/g) 3862 372 994 4200 
Volume Change (%) 100 12 260 320 
Potential vs. Li (~V) 0 0.05 0.6 0.4 
  
 The general limited understanding of the electrode’s microstructural influence on 
electrochemical response leaves open questions regarding its behavior during battery charging 
and discharging. Large volumetric expansions experienced by the Si or Sn host particles during 
the beginning cycles where the LIB cell is discharged (voltage decreasing with time) and charged 
(voltage increasing with time) are important aspects to understand to fully prevent loss of 
functionality. 
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1.3 Prior Work of High Capacity Materials 
 Many strategies have been proposed to mitigate the consequences of lithium diffusion 
leading to large volume expansion, including: using a Si-based composite instead of pure Si [16, 
17], using nanoscale Si particles [13, 18], and applying incomplete charge and discharge cycles 
[19]. Among these different strategies, it has been shown that cracking can be completely 
eliminated in Si nanowires by allowing expansion to occur in the radial and longitudinal 
directions [13]. However, because of the high reactivity of Si nanoparticles and nanowires, it is 
difficult to mass-produce such configurations. Additionally, the large surface area of Si 
nanoparticles promotes the formation of a significant amount of SEI and reduces the effective 
volumetric capacity of the anode. Therefore, the process of mechanical failure of micron-sized Si 
particles still has to be fully understood in order for it to be used as a viable anodic electrode 
material [20].  
 Various works in recent years have been done to numerically simulate the evolution of 
mechanical stresses and understand the mechanical failure of individual Si particles during the 
lithiation/delithiation process [21-24]. Due to the intricate relationship between the chemical 
reaction and mechanical deformation, different approximations and assumptions have been 
introduced in simulation efforts that lead to opposing predictions. Cheng et al. [21] found crack 
propagation beginning from the surface of the Si particle, based on an assumption of no reaction 
boundaries and allowing only elastic deformation to accommodate strain. The work of Zhao et 
al. [22] concluded a different effect wherein crack propagation occurs in the opposite direction, 
i.e., crack formation begins in the interior of a particle, based on the assumption that plastic flow 
is the only deformation allowed and phase boundary movement is the rate-limiting step of the 
lithiation process. In actuality, both mechanisms may occur simultaneously and may be 
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influenced, especially in the case of highly heterogeneous composite electrodes, by particle 
shape, size, and distribution, making the problem even more complex than the models discussed 
above. Therefore, to shed light on these issues, it is desirable to observe the morphological 
change of a distribution of active particles using three-dimensional (3D) high-resolution imaging 
techniques that provide insight into volumetric data compared to two dimensional (2D) 
measurements [12, 25]. 
 
1.4 Prior Three Dimensional Measurements and Studies  
 With recent advancements in 3D imaging, several studies have resulted in quantification 
of the microstructural evolution of composite structures via X-ray microCT and transmission X-
ray microscopy [25-27]. Specifically for battery electrodes, which consist of Li
+
 host particles 
embedded in a conductive matrix of polyvinylidene fluoride (PVDF) and carbon black, such 
imaging can provide information on percolation effects, phase tortuosity, and particle 
connectivity. Laboratory and synchrotron X-ray CT have been used to resolve such structures in 
3D, using active particles such as graphite, Sn, and SnO [26, 28-34]. One of the first battery 
electrode reconstructions came from the work of Shearing et al. [29] where X-ray nano 
computed tomography (nanoCT) was used to reconstruct a graphite electrode with dimensions of 
43 x 348 x 478 μm. An image of a “slice” through the thickness of the graphite electrode is 
shown in Figure 1.4. The gray-white regions are the graphite particles while the dark spaces in 
between represent the porosity, or empty space, within the electrode. A few years after this 
graphite reconstruction, Ebner et al. [32] visualized SnO active particles during the reduction and 
oxidation processes by using a high-resolution synchrotron radiation X-ray tomographic 
microscopy (SRXTM). In a different work by Ebner et al. [34], SRXTM was applied to 
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transition metal oxide-based porous electrodes to obtain 3D reconstructions of the electrode 
microstructure and to quantify properties such as porosity, tortuosity, and particle fracture.  
 
 
Figure 1.4 Graphite electrode through thickness slice from tomography reconstruction [29].  
 
1.5 Research Objectives 
  Despite prior theoretical models and experiments of high capacity materials for LIB 
anode electrodes, there is still a lack of understanding of the microstructural changes and their 
effects on battery performance. In this dissertation work, X-ray micro-computed tomography 
(microCT) is used to assist in visualizing composite anode (Si and Sn) electrodes and Sn wire 
during the first few cycles of battery testing, which are the most influential in battery degradation 
and loss of functionality. Through ex situ and in situ imaging after different stages of 
electrochemical testing, measurements and analysis at the global and local scale will help better 
understand the microstructural changes resultant of the lithiation/delithiation reaction.  
 The overall goal of this dissertation work is to characterize the global and local Li 
diffusion and failure progression in high capacity anode materials during the beginning critical 
cycles of lithiation and delithiation of LIB cells using 3D imaging techniques. To move toward 
achieving the overall goal, specific objectives of this work are to:  
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1. Determine, experimentally, the different failure mechanisms of Sn and Si and identify 
where fracture first occurs: from inside the particle/wire, on the surface of the 
particle/wire, or combined interior and surface.  
2. Establish Li diffusion and intercalation phases (LixSn/Si where 0 ≤ x ≤ 3.75) at room 
temperature within Si and Sn host materials. 
3. Identify characteristics of Si or Sn particle functionality, which may in turn affect the 
overall electrode performance.  
4. Define how different amounts of lithiation and local damage affect the relaxation 
mechanism of Sn wire.  
 
1.6 Dissertation Overview 
 In accomplishing the above goals and objectives, this dissertation work first covers the 
experimental setup and techniques used for the customized LIB cell design, electrode 
manufacturing, and testing in Chapter 2. In addition, the X-ray microCT imaging procedure is 
covered with the different analyses and imaging tools used for 3D characterization metrics. In 
Chapter 3, results from the Si-based electrode evolution during the first cycle of electrochemical 
testing are presented along with quantitative measurements using in-house 3D analysis 
algorithms. The Sn-based composite electrode is then discussed, revealing global and localized 
3D visualization and measurements made in Chapter 4. The following Chapter 5 examines the 
Sn wire electrode, allowing a controlled lithiation environment. The wire evolution from 
lithiation and relaxation is covered. Finally, the main conclusions are given in Chapter 6, with 
suggested future work of relating mechanical to electrochemical failure of Sn wire, and the 
incorporation of a 3D measurement technique called digital volume correlation (DVC) which 
offers another way of acquiring 3D quantitative data for composite electrodes. 
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2. CHAPTER 2: EXPERIMENTAL TECHNIQUES AND METHODS   
2.1 Electrode Manufacturing 
 Electrodes in commercial LIBs are manufactured in the form of thin porous layered 
composites with thicknesses ranging between 100-300 μm. These thin composite electrode 
sheets are placed on top of a copper foil current collector with thickness < 20 μm and stacked 
together as alternating anode, separator, and cathode. Figure 2.1 (a) schematically displays a 
composite electrode that consists of a polymer binder, a conductive powder additive, and host (or 
active) particles. Active particles typically range from nano to micron sized (< 20 μm diameter) 
and vary in material, depending on the electrode. Commonly used binders consist of 
polyvinylidene fluoride (PVDF) or carboxymethyl cellulose (CMC), while carbon black (CB) is 
used as a conductive additive. Figure 2.1 (b) shows an SEM image of an electrode surface 
microstructure with Sn as the host material; the gray regions between them represent the 
combined CB and polymer binder, PVDF. For cathode electrodes, frequently used metal oxide 
materials include lithium manganese oxide (LiMnO2), lithium cobalt oxide (LiCoO2), lithium 
iron phosphate (LiFePO4), or lithium nickel manganese cobalt oxide (LiNiMnCoO2). For the 
anode electrodes, graphite is the most commonly used active material commercially.  
 
Figure 2.1 (a) Typical composite electrode [49], and (b) SEM image of example microstructure 
of Sn-based electrode where white particles are host particles, Sn.  
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 As mentioned earlier, the motivation of this study lies in the investigation of high 
capacity alternatives to graphite used in anode electrodes. The following Subsections go through 
electrode manufacturing techniques used for different high capacity alternative materials such as 
Si and Sn. To facilitate observation, larger geometries than those seen in commercial composite 
electrodes are used to provide a 3D variation in the electrode microstructure and, consequently, 
the mechanical response.  
 
2.1.1 Silicon and Tin Composite Electrode  
 The mixing procedure for both Si- and Sn-based electrodes was the same, though 
different polymer binders were used in each case. The steps involved in the process of electrode 
manufacturing are shown in Figure 2.2.  First, the desired amount of each component was 
weighed in their powder form. For the Sn-based electrode, Sn powder (~50%wt., Sigma Aldrich, 
<150 μm), and PVDF binder with Super P CB (TIMCAL) were combined to a ratio of 50%wt. 
and mixed with 1-Methyl-2-pyrrolidinone solvent (Sigma Aldrich). The Si-based electrodes 
consisted of as-received Si powder (~22%wt., Noah Technologies Corp., 140 mesh), and CMC 
binder with Super P CB combined for a ratio of 78%wt. and mixed with distilled water. 
Homogenization for each individual mixture then occurred in two parts. First, the powder form 
for each was mixed in a mortar with a pestle to disperse the particles and break down the CB and 
PVDF or CMC. Then each powder mixture was placed into an individual 25 ml glass container 
where respective solvents were then added and mixed to form a mud textured viscous slurry. 
Finally, each slurry was further homogenized using a planetary centrifugal mixer (Thinky Mixer 
ARE-310) for 5 minutes at 2000 rpm. Homogenizing beyond 15 minutes in the ARE-310 often 
led to the beginning of solidification due to the heat generated during mixing, therefore 5 
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minutes served as a conservative and sufficient time frame. Note that if clumps were observed 
during mixing, the slurry was placed in the Thinky Mixer for an additional 2 minutes. 
 After homogenizing the mixture, the slurry was then spread onto, and sandwiched 
between, two glass slides with a spacer height of 2 mm (or smaller depending on samples 
desired) and heated in an oven (Thermo Scientific Thermolyne F48015-60) at 80℃ for 48 h to 
fully evaporate the water/solvent and dry the sample. The electrode height contracted by 10-20% 
due to the oven heat treatment, resulting in electrode heights between 1.6 and 1.8 mm for those 
manufactured with a 2 mm spacer.  The completed composite electrode, step 12 in Figure 2.2, 
was diced into smaller pieces (~1.5 mm side cubes) with a razor blade. Each piece was weighed, 
and the amount of active material, Sn or Si particles, was determined based on the original mass 
ratios of the powder form. From this measurement the current to be applied during 
electrochemical testing was determined (see Section 2.3). The resultant electrode height of ~1.7 
± 0.1 mm allowed the volumetric visualization of microstructural changes and quantification of 
Li+ diffusion along the composite electrode. Relatively large Sn and Si particles were selected 
based on objectives to analyze particle evolution and fracture as a function of lithiation, coupled 
with recent renewed interest in strategies to utilize micron scale host particles [20].  
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Figure 2.2 Overall procedure for electrode manufacturing. 
 
2.1.2 Tin Wire  
 Another configuration used for the investigation of high capacity materials consisted of a 
pure Sn wire as the electrode, i.e., not a composite electrode. Sn wire was acquired from Sigma 
Aldrich with a nominal diameter of 250 μm and came wrapped in a spindle. The procedure for 
preparation of Sn wire samples is illustrated in Figure 2.3. Wire lengths of 8-10 mm were first 
cut with scissors from the spindle and consequently displayed a degree of curvature. The wire 
was then straightened using a smooth stainless steel (SS) block. Low rolling forces were applied 
manually at three locations throughout the wire and in a way such that additional defects in the 
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wire were minimally introduced. The three locations where the rolling forces were applied are 
shown in Figure 2.3 by the two-headed arrows, along with the side view cross-sections giving 
the rotation and movement of the wire and block. The final step was to cut the wire to a 5 mm 
length using a new razor blade to achieve a clean cut.   
 
Figure 2.3 Sn wire sample procedure. Wire was first cut with scissors, then a smooth metal 
block was rolled over the wire at three locations with low forces to straighten the wire, and 5 mm 
wire piece was cut with a razor blade.  
 
 To observe if any additional defects were caused due to the straightening the wire, SEM 
images were taken of the Sn wire before and after the rolling. The Sn wire before straightening 
(Figure 2.4) shows the as-received wire curvature. Zooming into 270x magnification, the wire 
exhibits vertical “streaks” on the surface, suggesting a wire extrusion process used to 
manufacture the wire. There are also pre-existent surface cracks marked with yellow arrows. 
After rolling the wire with a smooth SS block, the wire straightened but the vertical “streaks” 
and the surface cracks are still present. Figure 2.5 shows that the actual surface profile was not 
significantly damaged or affected by this procedure. All wires observed and tested had 
maintained an average radius of 128 ± 1 μm, giving them a slightly larger diameter of 256 μm in 
comparison to the nominal dimensions of 250 μm.  
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Figure 2.4 Sn wire after being cut from the spindle. SEM image at 30x shows the general 
curvature and profile. The zoomed in image (270x) with arrows shows the locations of pre-
existent surface cracks. 
 
 
Figure 2.5 SEM image of Sn wire after straightening. The 80x image shows a straight wire while 
the zoomed in image (500x) shows the same type of surface cracks that existed before the rolling 
method. 
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2.2 Lithium Ion Battery Cell Design  
 Two custom designed LIB cells were developed for the purpose of this study. Both cells 
were designed to be active, self-contained, and transparent to microCT X-ray imaging. The first 
LIB, used for electrodes with diameters greater than 1 mm, was a one-time use cell. The second 
custom cell, used for Sn wire and freestanding electrodes with thicknesses smaller than 500 
microns, was designed to be reusable. In both LIB cells, Li metal was used as the counter and 
reference electrode, and the composite electrode or wire served as the working electrode, making 
this an LIB half-cell, hence maintaining interest within the working electrode (anode) for actual 
LIBs. Due to the potential difference in the half-cell, the anode of interest now behaved as a 
cathode. Typical open circuit voltages (Voc) in these cells ranged between 2.6 to 3.1 V, and upon 
LIB half-cell discharge, lithiation of the working electrode (Sn or Si electrodes) occurred with a 
drop in voltage (opposite of actual LIBs discussed in Section 1.1, i.e., charge with lithiation, 
increase in voltage). The working electrode behaved as a cathode (reduction element) because it 
gained electrons while the anode (oxidation) or counter electrode, in this case Li metal, lost 
electrons and Li-ions. For simplicity, the terminology discussed in Section 1.1 is maintained 
throughout this document where the interest lies in the working electrode. 
 
2.2.1 Disposable Lithium Ion Battery Cell 
 As seen schematically in Figure 2.6 (a), the disposable LIB (D-LIB) cell that was 
assembled contained all the components of an actual LIB cell and was encased in a 
polyphenylene ether (PPE) plastic tube with an inner diameter of 2 mm. Stainless steel (SS) rods 
of 2 mm diameter were used as the current collectors; these rods were cut using a diamond saw 
and the end surfaces were further flattened and narrowed using sandpaper to allow a tight fit into 
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the tube. A small Cu tube with an outer diameter of 1.8 mm served as the current collector for 
the working electrode. A spring was placed between the Cu tube and the SS rod to ensure 
electrical contact between the electrode piece and the Cu current collector. During assembly, a 
composite Si or Sn electrode was placed on the Cu tube and the transparent housing tube was 
filled with liquid electrolyte (1M LiClO4 in ethylene carbonate:dimethyl carbonate, 1:1 in 
volume). A small piece of filter paper (Whatman) and a small strip of Li metal were then 
introduced to act as a separator and counter electrode, respectively. The cell was sealed off at 
each end of the tube with TorrSeal to prevent leaking. Proper handling and placement of the 
TorrSeal was vital since any contamination within the cell would affect the cell performance. 
Each packaged D-LIB cell was made and cured for 24 h in an argon-filled glove box. The final 
D-LIB cell is shown in Figure 2.6 (b).  
 
Figure 2.6 Custom designed disposable LIB with all components labeled. The image on the left 
(a) shows the D-LIB schematic and (b) shows the actual manufactured D-LIB cell prior to 
testing. 
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2.2.2 Reusable Lithium Ion Battery Cell  
 Modifications were made to the D-LIB to improve reusability and handling, increase the 
volume of electrolyte, and allow for the analysis and testing of micron-sized Sn wires. In the 
reusable LIB (R-LIB) cell (Figure 2.7) SS current collectors were used on both ends and grooves 
were made for the placement of O-rings to better seal the cell. Perfluorelastomer (FFKM) 75 
durometer O-rings with an inner diameter (ID) of 9.25 mm and ring cross-section of 1.78 mm 
(FF200-012, Tech Syn.) were used. The FFKM O-rings are an ideal material in this case due to 
the combined temperature and chemical resistance against aggressive environments. Two O-
rings were used in total for each R-LIB with the option of using a total of four O-rings, which 
was not required in this setup. The R-LIB did not make use of the separator since the electrodes 
were apart by a distance greater than 5 mm. The working electrode was clamped down by a two-
piece grip system connected by a M2 screw. The side of the cell with the working electrode was 
first assembled into the Teflon container, and then filled with liquid electrolyte (as in D-LIB). 
Once ¾ of the total volume was filled, the counter electrode side was then placed within the cell 
to seal off the components. Teflon was used due to its strength, temperature resistance, low 
density, and machinability. Two different Teflon containers were used: (1) uniform tube with 
12.5 mm ID and 15.5 mm outer diameter (OD), and (2) similar tube as the first but with the area 
of interest near the working electrode decreased to 4 mm ID and 5 mm OD to achieve better 
imaging quality (Figure 2.7 (b)). It should be noted that the R-LIB was also assembled inside an 
argon-filled glove box. 
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Figure 2.7 Custom reusable LIB (R-LIB) cell assembled for testing Sn wires and freestanding 
electrodes. Image on the left (a) shows the rendered design of the cell with the teflon tube 
encasing transparent to show internal parts and (b) on the right, the actual R-LIB after assembly. 
 
2.3 Electrochemical Testing  
 Testing of the LIBs was carried out using equipment from the Dillon Research Group at 
the Materials Research Lab (MRL), and experimentation was done either ex situ or in situ. The 
BioLogic VMP-300 lab potentiostat was used for ex situ LIB cell testing, and the BioLogic SP-
200 portable potentiostat was used for in situ testing. In both configurations, the potentiostat 
connected to either a desktop or laptop computer to set up test procedures and record data. 
Cables were attached from the potentiostat to the positive and negative terminals on the cell to be 
tested. Figure 2.8 shows the overall setup of the lab and portable potentiostat. Once connections 
were established, the testing program was setup using the commercial software EC-Lab.  
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Figure 2.8 Lab and portable potentiostat setup where connections are made to a computer and 
the other to the cell. 
 
 The LIB cells were tested using galvanostatic cycling with potential limitation (GCPL). 
Accepted as one of the standard methods for determining a battery cell’s capacitance, GCPL uses 
a constant current-constant voltage (CC-CV) technique to test batteries. In this work, constant 
current charge/discharge of the LIB cells was used but not constant voltage. Figure 2.9 shows 
the applied current (Iapplied) concept of GCPL. The cell began with an open circuit (oc) voltage 
(Voc) in which there was no current. Some current was applied, Iapplied, and remained constant 
until the limiting working electrode voltage was reached (Vwe), and then was followed by no 
current input. To reverse the chemical reaction, a negative current was applied until the new limit 
of Vwe was reached. For the first half-cycle, LIB cell discharge and lithiation of the working 
electrode, a negative current was applied to allow the electrons and Li-ions to travel from the Li 
metal to the cathode (anode in real LIB/working electrode) with a Vwe of 0.01 V. Delithiation 
(extraction of Li-ions) of the working electrode followed for the completion of a full cycle in 
which a positive current was applied with a Vwe of 1.5 V. The process and setup can be repeated 
for the desired number of cycles.  
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Figure 2.9 Galvanostatic charge/discharge with potential limitation testing profile. Red lines 
represent rest periods, and green lines applied current. Limiting voltage during lithiation of the 
working electrode is 0.01 V and 1.5 V during delithiation. 
 
 Charge rates, or C-rates, of C/40 or less (slow rates) were used to allow lithiation of the 
thick electrodes and to prevent as many side reactions from occurring due to fast 
charging/discharging. The determination of the appropriate C-rate is dependent on several factors 
including electrode size, active particle size, SEI formation, and the amount of capacity fade. 
Based on the user-defined C-rate, the type of active material, its theoretical capacity and mass, 
the applied current to be used in GCPL can be calculated. The following equation is used for 
determining Iapplied [50]:  
 
 a  lie  
theoretical ca acity  
m h
g
    acti e material ma    g 
  rate  h 
    ( 2.1 ) 
The composite electrodes underwent different GCPL steps until complete theoretical lithiation, 
giving a progressive account of the reaction mechanism.  
 An ideal representative voltage and current against time curve is shown schematically in 
Figure 2.10. The initial test began with a rest period between 30 min – 1 hr to allow the 
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electrolyte to soak the electrode. A negative current was then applied causing the voltage to drop. 
During this first ½ cycle, lithiation of the working electrode (anode) occurs. Once the limiting 
voltage of 0.01 V was reached, a positive current was applied to allow an increase in the voltage, 
or delithiation, of the electrode. The conclusion of the first cycle occurs when the limiting 
voltage of 1.5 V is achieved and then the process is repeated. Figure 2.10 shows a total of two 
cycles that are highly reversible with the active material gaining and losing all of its available 
capacity. As mentioned earlier, battery capacity is the measure of charge stored and energy 
extracted within a battery (Ah) and typically is normalized with respect to mass of active 
material within the battery (Ah/g); however, real voltage profiles show capacity fade after the 
first half cycle for many batteries. The mechanisms within the first two cycles are of interest in 
this work due to the significant reactions that occur and are detrimental to the successive cycling 
of the LIB [3, 11, 14].  
 
Figure 2.10 Representative voltage and current versus test time for lithiation and delithiation 
reactions for 2 cycles. The limiting voltages are set at 1.5V and 0.01 V. 
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2.4 X-ray Micro Computed Tomography 
 To gain microstructural knowledge of the working electrode and the effects during LIB 
cycling, 3D imaging data was acquired using the Xradia MicroXCT-400 and MicroXCT-200 in 
the Microscopy Suite at the Beckman Institute. These systems offer in situ and ex situ imaging 
capabilities with sub-1 μm pixel resolution. Depending on the size and density of the sample, 
either the MicroXCT-400 or MicroXCT-200 was used. Physically, the MicroXCT-400 has the 
capabilities to accommodate sample sizes up to 200 mm in diameter and 33 lbs. in weight, while 
the MicroXCT-200 can image samples up to 100 mm in diameter and 2.2 lbs. in weight. The 
MicroXCT-400 has energies in the range of 20-90 keV suitable for low-density materials such as 
graphite and Si electrodes, while the MicroXCT-200 can achieve 40-150 keV, making it ideal for 
samples with higher densities such as Sn-based electrodes. Figure 2.11 (a) shows the two 
different X-ray microCT machines that were used with built-in software for acquiring 2D 
radiograph data and reconstructing it to acquire 3D data (XMController and XMReconstructor). 
Figure 2.11 (b) shows the main components within the microCT, which includes an X-ray 
source, detector, and rotation/translation stage.  
 
 
Figure 2.11 (a) MicroXCT-400 and 200 used in this work, which differ in the max amount of 
energy available from the X-ray source. (b) Basic operation within the MicroCT. 
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 For ex situ electrochemical testing, the D-LIB was used to lithiate/delithiate the sample 
by some amount and then was transported to the microCT for scanning; this process repeated 
until testing finished. For in situ electrochemical testing, the portable potentiostat was set up in 
conjunction with the MicroXCT-400. It was placed outside of the MicroXCT-400 with a laptop 
for controlling EC-Lab program. Wires of 4 ft. were used to connect the potentiostat to the R-
LIB and alligator clamps connected to Cu foil tape, which was wrapped around each SS current 
collector. The end setup within the MicroXCT is presented in Figure 2.12. The subsequent 
sections cover the process of acquiring 2D radiographs, reconstructing data, and data extraction 
and visualization (X-ray imaging setup procedure is covered in Appendix A). 
 
Figure 2.12 R-LIB in situ setup within the X-ray microCT. 
 
2.4.1 2D Radiograph Acquisition 
 As in Figure 2.12, the cell was placed in between the X-ray source and detector on the 
tomography stage. Commercial software XMController was used to build a recipe file specifying 
all the parameters for the scan to occur. The main sections of the recipe file included acquisition, 
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camera, source, magnification, and tomography locations. Within each of these sections, 
important settings such as total number of images, source voltage (keV), source power (W), 
exposure time, camera binning, magnification, and source/detector distances were defined.  
 After the original recipe file was created, successive scans were taken using the original 
settings to keep consistency. 2D radiograph images were taken at 1° increments for 360° rotation 
with 2-4 images being taken and averaged at each rotation to reduce noise. The X-ray source 
energy and power were selected based on the original state of the working electrode to ensure the 
detector was observing X-ray absorption percentages greater than 30%. Typical X-ray microCT 
parameters used in this work are shown in Table 2.1 for the different working electrodes.  
 
Table 2.1 Example microCT settings used for working electrodes in the LIB cell. 
Sample 
Energy 
(keV) 
Power 
(W) 
Exposure 
(s) 
Detector
-Sample 
Distance 
(mm) 
Source-
Sample 
Distance 
(mm) 
Resolution 
(μm/pixel) 
Si 40 8 3 8.85 25 1.89 
Sn 40 8 4 10 25 1.83 
Sn Wire 80 10 6 25 50 1.77 
 
 For all LIB cell scans, a 10x magnification lens with X-ray source and detector distances 
at a minimum of 25 mm and 10 mm were used, giving a resolution range of 1.77-1.9 μm/pixel, 
respectively. In this system, slice thickness was the same as the pixel size, i.e., voxels are 
isotropic in size, making the spatial units universal in all three orthogonal directions. A voxel is 
defined as a volumetric pixel, meaning 1 voxel   1 pixel   1 pixel   1 pixel . Therefore, the 
resultant voxel size, assuming 1.77 μm/pixel resolution, was 1.77 μm   1.77 μm   1.77 μm. The 
entire 3D volumetric data consisted of over 800 million pixels and required a scan time of ~60-
120 minutes depending on the settings. Example 2D radiographs at 4x magnification (Figure 
2.13) of the Sn and Si composite electrodes show different particle geometries and X-ray 
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absorption values (darker – higher absorption and material density). The yellow dashed boxes 
represent the 3D areas scanned using the 10x magnification lens. The volume size of the 3D data 
on average was 1000 pixels   1000 pixels   994 pixels, yielding a ~1.5-2 GB scan file (*.txrm). 
Following reconstruction, the file resulted in another 2 GB file (*.txm) and after creating a file 
for 3D viewing, the last file was 6 GB (*.txm-exm-ooc). Each scan required total storage of 10 
GBs plus additional storage for image extraction (~4 GB for each scan). 
 
Figure 2.13 2D radiograph images at 4x magnification of the Sn working electrode and Si 
working electrode with D-LIB. The yellow dashed boxes show 10x magnification area.  
 
 In addition to the acquisition of 2D radiographs for reconstruction and 3D viewing, time-
lapse 2D radiographs were also captured as another form of in situ image data. Such time-lapse 
imaging data allowed uninterrupted acquisition during testing at one angle (not 360° imaging). 
2D time-lapse radiograph data cannot be used to reconstruct data to 3D images but does assist in 
capturing a 2D view of any reactions that occur. Images can be acquired as fast as 5 s per image, 
but most were taken at much longer intervals (time-lapse) since electrochemical testing was done 
with slower C-rates. An example of time-lapse 2D radiographs is shown in Figure 2.14 for 
lithiation of a Sn wire.  
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Figure 2.14 Time-lapse raw 2D radiographs acquired in situ for different times showing 
lithiation progression. 
 
2.4.2 Reconstruction 
 Using the commercial software XMReconstructor, the radiographs acquired from the 
microCT were reconstructed to obtain 3D volumetric data showing the distribution of linear X-
ray attenuation coefficients   of the sample. A standard Feldkamp filtered back projection 
algorithm [51], accounting for the cone angle of the lab-based source, was used for 
reconstructing the radiographs. The value of μ depends on X-ray photon energy, the material 
density, and the atomic number so that the contrast in CT images was usually given by 
differences in absorption between attenuation phases with different compositions or densities 
[41]. Important reconstruction parameters such as the center of shift and byte scaling were 
addressed while other properties and options were neglected to avoid altering raw data more than 
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necessary. The center of shift determined for each reconstruction was the amount, in pixels, that 
the axis of rotation is offset from the center column of the detector. A good center of shift 
generated images that were focused and clear while with a bad center of shift images were 
unfocused and blurry. Figure 2.15 shows an example center of shift determination for Sn wire, a 
process that was done manually. The center of shift most in focus was determined to be 15 
pixels, for this particular dataset, while other values above and below this amount resulted in 
blurry images. The center of shift was manually determined for each individual reconstruction 
for optimal image quality.  
 
Figure 2.15 Example center of shift determination for Sn wire. Leftmost image shows a shift of 
5 pixels being out of focus, and progresses to a focused image with a center of shift at 15 pixels.  
 
 To place successive scans for a particular sample on the same intensity scale – an 
important requirement for image analyses and calculations – CT byte scaling was used. The 
requirement to use such a scaling technique was only possible when the exact scan settings for 
subsequent scans (i.e., X-ray source power, detector and X-ray source distances, number of 
projections, exposure times, camera binning, and magnification) were the same as the reference 
or original scan. The global minimum and maximum byte scaling values were determined from 
reconstructing the reference scan and obtained by loading the reconstructed volume viewer file 
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(*.txm) within XMController, accessing the image control panel, and revealing reconstruction 
parameters within the Info tab. Using CT byte scaling min and max values within the 
XMReconstructor program, subsequent scans were placed on a similar scale to the reference 
dataset to allow for a comparative analysis.  
 
2.4.3 3D Visualization and Data Extraction 
 The final step of the tomography procedure was to visualize the 3D volume and extract 
2D slices to enable visual and volumetric measurements. A variety of programs were used to 
visualize and analyze the data, including Amira, Matlab, ImageJ, and the XMController. 
Following the production of the reconstruction file (*.txm), Xradia’s 3DViewer was used to 
upload the reconstructed file “out-of-core” and construct a new file with a format readable by 
Amira (*.txm-exm-ooc). This out-of-core tool allows loading and visualization of large data sets 
greater than the amount of RAM installed on the computer system achievable by GPUs or 
servers. The *.txm-exm-ooc file was then imported into Amira for visualization of orthoslices 
and volume renderings, material segmentation, analysis, and extraction of 2D slices. The 
orthoslice module tool in Amira allowed the visualization of scalar data fields (2D images) from 
3D image volumes by extraction of the x-y, y-z, or x-z plane slices out of the volume. These data 
values were mapped to colors or gray levels typically in the form of an external color map (gray 
scale or physics most commonly used in this work). All 3D visualizations in this work were done 
using the Volren module, where each point in the volumetric data was expected to emit and 
absorb light by some amount. Depending on the amount of absorption at each voxel from the 3D 
reconstructions, a voxel emitted a certain color from the color map of choice (gray scale or 
physics), which also includes alpha values (amount of transparency). For all 3D visualizations, 
the classical texture-based volume rendering (VRT) was used which enabled direct 3D 
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visualizations with flexible color and transparency color maps, along with options for 
shading/lighting effects for better rendering of complex microstructures and producing enhanced 
details. The best shading settings were either no shading (color map with no textured detail) or 
specular shading (textured detail). To demonstrate the orthoslice and Volren modules, results 
from a Si-based electrode are shown in Figure 2.16. The 3D volume rendering (Figure 2.16 (a)) 
was done using the VRT visualization technique, specular shading, and a physics color map. The 
Si particles in this electrode had greater absorption in comparison to the binder and are 
represented as voxels with a red color, with the matrix being transparent. The orthoslice module 
capabilities are displayed in Figure 2.16 (b) with five out of 974 total slices in the X-Y plane 
shown. A gray scale color map was used here, leaving Si particles as the pixels with white color 
and matrix as gray.   
 
Figure 2.16 (a) 3D volume rendering of Si composite working electrode using Amira (red 
particles represent Si), and (b) a stack of 2D slices (5 of 974) extracted from Amira showing the 
x-y plane of the electrode (white particles represent Si).  
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2.5 Data Analysis 
 Both a global and localized approach of image analysis was pursued using ImageJ, 
Matlab, and Amira. Measurements such as the surrounding number of particles and volume, 
particle gray scale intensities, particle size and volume, and volumetric changes were obtained 
using custom in-house Matlab code in combination with ImageJ.  
 
2.5.1 Local Particle Analysis 
 Serving as the local particle analysis method, volumetric change in individual active 
particles as a function of lithiation was measured using a custom Threshold Edge Detect 
Algorithm (TEDA). Specific Si or Sn particles from within the volume were selected for this 
purpose near the center of the electrode but at various heights along the electrode. Regions 
surrounding individual particles were cropped out to minimize data size for analysis. For each 
cropped region of interest, two datasets were used per particle and step, yielding the original and 
edited dataset. The original and edited images for a Si particle at slice 495 out of 974 are shown 
in Figure 2.17 (a) and (b). Due to image noise from the X-ray microCT, it was necessary to 
smooth the edited dataset to yield better accuracy in the TEDA and phase characterization at 
both the local and global scale. The proximity of neighboring particles could have had an 
influence on the measurements as well, so regions surrounding the particle of interest were 
manually set to a gray scale value of 0, or black color, to isolate the particle of interest. All 
changes to the edited dataset and threshold edge detect method were done using Matlab.  
 The original dataset was used to determine the particle threshold, which is the cutoff 
value that allows visually differentiating the electrode matrix from the active particle, for each 
particle dataset and lithiation/delithiation step. The particle threshold value was determined 
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automatically based on Ostu’s threshold method [52]. This frequently used automatic threshold 
method finds the global optimal threshold value that maximizes the between-class variance, the 
equivalent to minimizing the within-class variance. The within-in class variance is defined as  
  W
    k k
 
 
k  
 ( 2.2 ) 
where    is the gray level probability distributions for the two classes of pixel image 
segmentation,    is the class variances, and M represents the two different classes, i.e., above or 
below the threshold (2 classes). The details of Otsu’s method are beyond the scope of this thesis 
and further details can be found elsewhere [52].  
 The particle threshold value was used for image segmentation revealing only pixels of the 
active particle. If a pixel was greater than or equal to the particle threshold value, then the pixel 
was set to 1, or white color (i.e., gray scale value would be 255). If the pixel was less than the 
particle threshold value, then the pixel was set to 0. The thresholding method can be described 
with the following relationship  
 g  ,y,      
           f  ,y,      T
           f  ,y,       T
  ( 2.3 ) 
where f  is the current pixel value, g is the newly stored pixel value at coordinates (x, y, z), and T 
is the threshold value. Although Otsu’s method is a global threshold held constant throughout a 
volume, it is considered in this work as a localized threshold value since different values are 
gathered for each region surrounding the active particle at different lithiation/delithiation steps. 
The edited image dataset was then used in conjunction with the threshold value to create a binary 
image depicting an individual particle, as shown in Figure 2.17 (c). In the TEDA, a contour line 
traced the edges of each particle, enclosing areas used for volumetric computations at each 2D 
slice (Figure 2.17 (d)). Since each image slice represented 1 pixel in height, i.e., z direction, the 
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resultant volume was calculated into volumetric units of μm3. In this work, particle volumetric 
measurements were only perform on single particles because in order to calculate the volume 
expansion of the active material in the entire dataset, a volume such that no particle leaves or 
enters the volume must be considered. Due to the microstructural changes and particles leaving 
the field of view (FOV) near the top of the electrode, measurements of global volumetric 
expansion would be incorrect, but another avenue of analysis for global measurements was 
carried out (next Subsection).  
 
       
Figure 2.17 Local particle TEDA demonstrated for a Si particle. The analysis progressed from 
original (a) to edited dataset (b), applying Otsu threshold to create a binary image (c), and using 
TEDA to find the particle edge and volume (d).   
 
 Lastly, the mean particle intensity from the initial image was computed using information 
from the binary image by locating which coordinates (x, y, z) represented a particle in the binary 
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image, pixel values of 1, and finding these same locations with their respective raw gray scale 
values in the original image dataset. This gave an accurate value of particle evolution based on 
gray scale intensity values as a function of lithiation since each original dataset was scaled on the 
same gray scale intensity level using CT byte scaling from the reconstruction process. 
 
2.5.2 Global Electrode Analysis 
 For global particle analysis, each step, or scan, of the electrode was used to find the 
overall gray scale edge intensity threshold value. This computation was done using Ostu’s 
threshold method [52] for a smaller volume of the electrode (typically 
400 pixels   400 pixels   600 pixels  window) near the center. Prior to thresholding, the 3D 
image data was subjected to smoothing of the raw images to diminish the influence of image 
noise from the X-ray microCT scan. Smoothing was done for the entire 3D stack using a 
smoothing function in which a voxel was replaced with the average of the surrounding 
neighboring voxels with a 3   3   3  grid. With the computed threshold values at each 
lithiation/delithiation step, 3D object counter (3D-OC) (ImageJ) was then used in conjunction 
with customized Matlab algorithms to determine the number and volume of active particles 
within the electrode of interest based on edge thresholding [53, 54]. The 3D volumetric data 
obtained from tomography was analyzed for particles containing a volume greater than 100 
voxels. With knowledge of particle volume, an estimated radius can be obtained assuming a 
spherical geometry for simplified estimation, V   4/3   r3   100 voxels, in which the computed 
radius was ~2.88 pixels. If the largest resolution length scale is applied here, 1.9 μm/pixel, the 
resulting particle radius analyzed was that of ~5.5 μm or larger. This analysis also produced 
results for average particle gray scale intensity and deviation, and centroid coordinates. Smaller 
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particles with radius less than ~5.5 μm were not computed due to potential noise artifacts and to 
ensure a high noise to signal ratio. The particle volume result permitted an estimation of the 
diameter of individual active particles assuming a spherical shape (a useful assumption for Sn 
particles which are generally ellipsoidal but not as much for Si particles, which are shaped as 
platelets). Results for individual particles correlated well with the TEDA. All detected particles 
enabled a global approximation of the particle size distribution within the electrode of interest.   
 Another avenue of data analysis required the use of the centroid coordinates of detected 
active particles. This particular analysis investigated the effects of surrounding particles, or 
nearest neighbors. This custom Matlab algorithm searched a volume (spherical) around any host 
particle of interest defined by a specified radius, in this case 100 voxels, and calculated the 
number of active particles within this search volume and their respective individual particle 
volumes, the surrounding particles and volume. Figure 2.18 shows image slice 415 with a Sn 
particle of interest circled in blue, along with the 3D scatter plot of the Sn particle of interest 
center (the blue dot) with surrounding neighbors (red points). These results help give a 
quantitative view of the possibility of particle shielding; configurations affecting Sn particle 
functionality are addressed in a later section.  
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Figure 2.18 Surrounding particles method (left) for a Sn particle (circled particle in right image) 
of interest at image slice 415. The scatter 3D plot on left shows Sn particle of interest (blue) 
along with the surrounding detected Sn particles (red). 
 
2.6 Li Intercalation Phase Characterization 
 From the results gathered using the TEDA and 3D-OC, an imaging phase 
characterization procedure was created for the assessment of Li content within host particles 
during lithiation and delithiation. The experimental characterization of Li intercalation has 
limited reporting in literature for Si and Sn. Prior experimental work related Li content with cell 
potential for thin films, nano particles, or sputtered electrodes [55-58], and others with 
theoretical and numerical computations at the atomic length scale [59-61]. In an effort to relate 
the LixSi or LixSn phase to a false colored (physics color map) 3D volume rendered image, both 
a global and local particle approach were taken. Two different characterization length scales 
were used because it was seen that applying the same global analysis to local, and vice versa, did 
not produce consistent results. From the TEDA and 3D-OC, average particle gray scale 
intensities (GSI) were obtained for all detected particles (or wire) within the electrode at each 
step. A global average of all particle GSIs was taken as the global particle GSI at 0% lithiation or 
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original state, GSIAvg.Global(0%), in addition to the standard deviation, σAvg.Global(0%). This same 
value was also found at the most lithiated state, 100% lithiation, after galvanostatic testing as 
GSIAvg.Global(100%) and σAvg.Global(100%). Similar computations were made locally for an 
individual particle or wire resulting with parameters of GSIAvg.Local and σAvg.Local. With 
knowledge of averaged GSI intensities for original and lithiated states, and the edge threshold 
value, an estimated phase characterization map was created. The global and localized phase 
characterizations were made based on the beginning and end testing states from the first 
lithiation reaction. For subsequent delithiation and cycling, the same phase characterization scale 
was used.  
 For the global phase characterization for plotting entire 3D volumetric datasets, the 
GSIAvg.Global(0%) value was taken as the Sn or Si intensity cut off value. Any voxel with intensity 
greater would be colored red and considered Sn or Si. The GSIAvg.Global(100% ) value served as 
the lower boundary of what was considered Li3.75Sn/Si and colored blue if any voxel was below 
this value. The intermediate values within the color map were distributed linearly between Sn 
and Li3.75Sn/Si signifying all the different Li intercalation phases in the active materials. The 
linear distribution was taken to simulate the linear variation reported experimentally and 
numerically of volume and density change for active particles with increasing Li content [59, 60, 
62].  For each set of data (original, 25% lithiation, 50% lithiation, etc.), the determined edge 
boundary intensity values served as the lower bound cut off to prevent the visualization of 
unwanted intensity values. This required the customization of many color maps specific to each 
step with intensity values already determined from the beginning and end phases.  
 The local phase characterization required a little more customization considering only 
one particle/wire was of interest. First the localized Sn intensity cut off value was determined by 
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taking GSIAvg.Local(0%) – 2   σAvg.Local(0%). For the localized 3D image, it was found that using 
only the GSIAvg.Local(0%) as in the global case, resulted in false representation of a particle that 
was fully lithiated by showing majority red (Sn phase) instead of blue throughout. The 
Li3.75Sn/Si phase value (blue) was determined simply by taking the edge boundary intensity 
value determined from thresholding at the most lithiated state. The edge boundary was used for 
electrodes that did not undergo full 100% theoretical lithiation and the edges were represented 
the most lithiated state, Li3.75Sn/Si.  Beyond that, a lower boundary was taken as the edge 
boundary threshold intensity × 0.8, where any voxel below this value was not visualized. 
Between the determined Li3.75Sn/Si phase and Sn phases, a linear distribution was taken. As done 
globally for each data set (original, 25% lithiation, 50% lithiation, etc.), the edge threshold 
intensity value served as the lower bound cut off to prevent the visualization of unwanted 
intensity values. This procedure was carried out manually and verified with what was observed 
in 2D cross-sectional slice raw data and SEM images. The exact phases are not known of Li 
intercalation at the local scale, but the phase mapping used here gave a systematic and 
comparable 3D account of the estimated phases.   
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3. CHAPTER 3: SILICON COMPOSITE ELECTRODE     
3.1 Galvanostatic Cycling with Potential Limitation (GCPL) – Si Electrode 
   The Si-based electrode within the D-LIB cell was subjected to lithiation until the limiting 
potential was achieved. A typical GCPL curve of the set current (blue curve and axis) and the 
resulting measured voltage (red curve and axis) versus time for the first half cycle is shown for 
one such electrode in Figure 3.1. In this case a C/80 rate was used for the first two steps (up to 
50% lithium intercalation) resulting in an applied current of 25 μA. The third and fourth steps of 
lithiation used an applied C/160 rate, 12.5 μA, until the limiting voltage of 0.01 V was reached 
(corresponding to a nominal 100% Li intercalation). Such slow rates were necessary because of 
the relatively thick electrodes and large Si particles used here. In Figure 3.2, the specific 
capacity (mAh/g) versus voltage is plotted using the weighed mass of the electrode and 
knowledge of the %wt. of active material (22 %wt.). The initial open circuit voltage of the D-
LIB cell was 2.26 V and is pointed out in the figure. The open circuit voltages at the beginning 
of each step are also shown. Following the first lithiation step until a nominal 25% lithiation, the 
voltage dropped to 0.03 V with a specific capacity of 1,260 mAh/g. At this point, the D-LIB cell 
was disconnected, scanned ex situ, and then set up for lithiation step 2. In between the X-ray 
microCT scans, a slight increase in voltage was observed, resulting from the LIB cell relaxing 
toward equilibrium potential while no current was applied. This increase in potential occurred for 
all electrodes tested, but it does not truly affect the results since significant relaxation effects 
were observed to occur only beyond 6 h of rest for damaged materials, which is discussed in 
Chapter 5. At the beginning of step 2, the measured open circuit voltage was 0.23 V, an increase 
of 0.2 V. The LIB cell was then tested further until 50% of the maximum Li intercalated for step 
2, resulting in a specific capacity of 2,500 mAh/g. As mentioned above, the third and fourth steps 
 42 
were conducted with a lower C-rate, yielding specific capacities of 3,760 and 4,760 mAh/g, 
respectively. The larger than theoretical specific capacity recorded can be attributed to the CB 
contribution to the reaction, in addition to unequal distribution and non-uniformity of the active 
material after the slurry was cured. Any variation in particle distribution led to incorrect 
determination of true active material mass, a result observed via SEM images on the surface.   
 
 
 
Figure 3.1 Lithiation curve during first half cycle of GCPL testing. C/80 rate was initially used 
for the first two steps while a C/160 rate was used for the last two steps. 
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Figure 3.2 Specific capacity versus voltage profile for first half cycle with different locations at 
which scans were taken: 25%, 50%, 75%, and 100% of theoretical lithium intercalated. Values 
within plot show the open circuit voltages at the start of each step (steps marked within box).  
 
3.2  Global Microstructural Evolution of Si-based Electrode 
 The Si-based electrode was scanned at 0, 25, 50, 75, and 100% of theoretical lithiation 
during the first half cycle. Figure 3.3 shows 2D radiographs of the Si particle evolution within 
the composite electrode for 0%, 50%, and 100% of lithiation. At the original state, the 
radiographs revealed Si particles throughout the electrode as the dark colored pixels, whereas the 
light gray regions consisted of the composite binder and electrolyte. The black region at the 
bottom right of the lithiation images is the current collector. As lithiation progressed to 50%, the 
electrode grew volumetrically due to expansion of the individual Si particles. At this point, a 
variation in color was noticed for the Si particles. After 100% lithiation, the FOV had to be 
shifted upwards because of the volumetric change of the entire electrode (current collector less 
visible now). The particles continued to lose the originally dark color, and appeared fainter and 
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more similar to the matrix binder.  These 2D radiographs, which are really the “raw data” in the 
tomography scans, give a general overview of what occurred, however a better understanding 
can be gained via the 3D data.  
 
 
Figure 3.3 Raw 2D radiographs of Si electrode at different stages of lithiation: (a) 0%, (b) 50%, 
(c) 100%. Images show 10x magnification.  
 
The scanned 3D volume of the original Si-based electrode was analyzed using the 3D-OC 
for particle volumes greater than 100 voxels as described in Section 2.5. The particle size 
distribution was measured based on particle volume using 3D thresholding and 3D-OC with a 
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gray scale intensity (GSI) threshold of 130 (out of 255). This value was determined from 
applying Otsu’s thresholding method for a large volume stack and used for detecting Si particles 
throughout the volume (procedure also described in Section 2.5). Due to the highly irregular 
shapes of the Si particles, later shown, only the volume (rather than particle size) distribution 
was plotted against the number of particles in Figure 3.4 (note the logarithmic scale in the 
horizontal axis). In the sample under discussion here, there were a total of 3,572 particles with an 
average volume of 6.7x10
4
 μm3. The minimum measured “particle” volume was 680 μm3 while 
the largest was 3x10
6
 μm3. The dotted box represents the inset figure of volumetric distribution 
at volumes greater than 5x10
4
 μm3. Although only 3,572 particles were located, many smaller 
particles with volumes less than 100 voxels, or 675 μm3 (resolution of 1.89 μm/pixel) existed but 
were not detected within the electrode. 
 
 
Figure 3.4 Si particle volume distribution within the electrode determined using the 3D-OC. 
Inset figure shows area of larger Si particles throughout the electrode. 
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3.2.1  Lithiation Progression and Intensity Variations – 2D OrthoSlices 
 As mentioned previously, the Si-based electrode was scanned at 0, 25, 50, 75, and 100% 
of the theoretical lithiation corresponding to specific capacities of 0 (unlithiated), 1,260, 2,500, 
3,760, and 4,760 mAh/g, respectively. In each case, 984 2D images (slices in the vertical 
direction) were extracted, representing 1,860 μm in height and a circular field of view of 1810 
μm in diameter. In Figure 3.5 (a)-(e), the same location in the electrode, 544 μm from the top, is 
shown as lithiation progressed (slice and particle heights are all referenced from the top of the 
electrode which is in contact with the separator). The Si particles in Figure 3.5 (a) are the white 
irregularly shaped areas and the dark area surrounding them correspond to the porous matrix 
containing CMC binder, carbon black, and electrolyte. The four regions outlined in each 2D 
slice, R1, R2, R3, and R4, assist the reader in focusing on areas of particle evolution. 
  For 0% lithiation (Figure 3.5 (a)), all Si particles exhibited a bright intensity with no 
visible cracking. After 25% lithiation (Figure 3.5 (b)), one particle in R1 had visibly decreased 
intensity, and another particle in R2 began to grow cracks (both denoted by arrows), while the 
rest of the particles appear unaffected. Following 50% of lithium intercalation (Figure 3.5 (c)), 
more Si particles began to generate cracks and lose intensity around the edges, indicating density 
changes at the outer surface of the particles. Physically, the decrease in intensity correlates to a 
decrease in X-ray absorption, or change in material density, due to Li
+
 alloying with Si. Other 
particles emerged and some disappeared in this slice of the electrode because of the volumetric 
changes that occurred in particles, causing local rearrangements within the composite electrode. 
The Si particle in R2 denoted with an arrow experienced crack growth at multiple locations, 
indicating crack initiation at the external surface and propagation across the particle. In R4, a 
large Si particle experienced significant cracking and an increase in the overall cross-sectional 
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area, and consequently in the volume. At 75% lithiation (Figure 3.5 (d)), the Si particles 
continued to expand and fracture, resulting in decreased particle intensities. Three Si particles 
marked within R2 experienced a delayed reaction with Li but finally lithiated. Another single 
particle near the top of R1 (denoted by the arrow) remained brighter than the rest and contained 
only one edge crack, indicating that, although globally the lithiation level is at 75%, this particle 
was considerably less lithiated. This same particle also appeared after 100% lithiation (Figure 
3.5 (e)) with minor changes since the beginning and was thus termed as an inactive particle. 
Except for the inactive particle, all others completely fragmented and changed in profile. Three 
different particle characterizations were observed during the first half cycle of lithiation. 
Particles that experienced the most microstructural changes and decrease in intensity were 
termed fully active or fully lithiated particles (the majority of particles located in R3 and R4). 
Partially active or partially lithiated particles had remnants of bright intensity values speckled 
throughout their interiors, suggesting Li content greater than 50% but not complete lithiation 
(particles in regions R1 and R2).  
 The difference between the global and local response of lithiation is evident through 
these distinctions. After 100% theoretical lithiation globally, it was difficult to distinguish which 
fragment came from which parent Si particle. The drastic particle density change was evidenced 
by the fact that the particles now had an absorption amount similar to that of the matrix. 
Essentially all particles in this slice, and similarly in the other slices, underwent significant 
volumetric expansion and eventual massive fragmentation leading to significant density changes. 
Cracks formed at the surface and progressed through the interior. The irregular anisotropic shape 
and sizes of these particles, in addition to the inhomogeneous intercalation of Li, promoted a 
complex fracture and fragmentation mechanism that likely included opening and shear fracture.  
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 In all electrodes tested, including the one presented here, the inactive Si particles with 
limited or no lithiation represented less than 5% of the total. The lack of functionality may have 
stemmed from ineffective electrical contact between the Si particle and the matrix, or some form 
of obstruction of Li diffusion throughout the electrode. Such obstructions can consist of porosity, 
tortuosity (global networks), or localized shielding from neighboring particles, which eliminate 
the Li
+
 flux into that specific region. Tortuosity characterizes the global complexity and 
interconnection of paths within a porous material. For simplicity (2D), this dimensionless 
parameter is the ratio of the distance a Li
+
 travels through a twisted pore network to the overall 
thickness. This work does not take tortuosity into account, however in-depth particle shielding 
analyses (localized measurement) were done for the Sn-based electrode and are discussed in 
Chapter 4.  
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Figure 3.5 Progression of 2D slices after each lithiation step at a location of 544 μm from the top 
of the electrode. The progression of 2D slices from the X-ray microCT scans are shown as 
follows: (a) the original state, (b) 25% lithiation, (c) 50% lithiation, (d) 75% lithiation, and (e) 
100% lithiation. Four regions are marked, R1, R2, R3, and R4 to compare the different areas. 
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 As seen in Figure 3.5 (a)-(e), a correlation is suggested between particle lithiation, 
damage, and image intensity. The global, i.e., over the entire scanned volume, GSI distribution 
for each X-ray microCT scan at 0%, 25%, 50%, 75%, and 100% lithiation was determined and is 
shown in Figure 3.6. According to Bryant et al. [63], each CT Image consists of gray scale 
intensity values representing the X-ray attenuation of the corresponding voxel, which, in turn, 
depend on the X-ray attenuation coefficient. For CT scanners operating at relatively high X-ray 
energies, the attenuation of the X-ray beam is directly proportional to the density of the material 
at each voxel. For the original CT images at 0% lithiation, there was a bimodal gray level 
distribution in which the lower intensity peak at gray level 58 corresponded to the 
binder/electrolyte phase, and the high intensity peak gray level 204 was associated with Si 
particles. As lithiation progressed, the matrix peak shifted to higher intensity values (slightly 
brighter) while the Si peak shifted toward lower intensity values (darker). At 75% lithiation, the 
peak corresponding to the Si particles’ intensity almost completely merged with the background. 
This is further discussed in the context of individual particles in the next section. 
 
Figure 3.6 Global histogram for each X-ray microCT scan of 0%, 25%, 50%, 75%, and 100% 
lithiation showing a decrease in the rightmost peak, defining Si particles, as lithiation increases.  
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 The gray scale intensities (GSIs) at different lithiation levels were resolved using the 
combined TEDA and 3D-OC analysis techniques. The average GSIs for all Si particles at each 
lithiation step are shown in Figure 3.7 where the error bars represent one standard deviation 
(σAvg.Global). The initial average global particle GSI prior to testing was 160 (out of 255 intensity 
values). A slight increase in the GSI was observed after 25% lithiation to 174. This increase was 
resultant of bubble formation due to the reaction near the electrode. The global average particle 
GSI then decreased linearly to a final intensity value of 105.  The decrease in global GSI of all Si 
particles demonstrates the change in particle density. From these global measurements, the 
beginning and end intensity values were used to create the Li intercalation phase map as 
described in Section 2.6 and shown in the next Subsection. 
 
Figure 3.7 Average gray scale intensities for all Si particles after different amounts of lithiation. 
 
 After analyzing all particles within the 2D dataset after 50% lithiation, it was determined 
that particle size did not relate to fracture at this particular length scale in the sense that fracture 
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was seen in all particles visible at this length scale. To provide an idea of particle size associated 
with the volume distribution of Figure 3.4 assuming spherical particles, the minimum diameter 
would be 10 μm while the maximum diameter would be 180 μm. Additionally, there was no 
indication of which particles (large or small) cracked first or cracked more within the images.  
 
3.2.2 Lithiation Progression – 3D Volume Rendering 
 The 3D nature of lithiation was also visualized showing the corresponding particle 
volume expansion via 3D renderings of the entire electrode in Figure 3.8, in sequential order 
from 0% to 100% lithiation. As mentioned earlier, each 3D scan was normalized with respect to 
the original reconstructed 3D scan and the global phase characterization procedure was applied 
(also in Figure 3.8) at which virgin Si particles represent an average GSI, red color, and lithiated 
phases decreased linearly to a blue color, representing an estimated phase of Li3.75Si, which is the 
highest phase of LixSn achievable at room temperature [15, 19]. The phase characterizations here 
were done based on the method described in Section 2.6 and utilized the GSI results shown in 
Figure 3.7. The Si particles colored in red represent a high attenuating phase while the electrode 
matrix was set to be invisible. In all 3D renderings, the current collector was visible at the 
bottom of the electrode as the red base. As shown in the 0% lithiation state, Si particles were 
located throughout the matrix in various sizes and were generally platelet-like in shape. The Si 
particle sizes were sieved with a 140 mesh, i.e., 105 μm maximum size, although some larger 
particles were able to pass through due to their anisometric geometry. The noticeable light 
yellow color surrounding some particles in the unlithiated state, which appears to correspond to a 
lower attenuating phase than Si, resulted from X-ray edge diffraction around the sharp particle 
edges, giving a false edge phase. The morphology of the Si particles was similar for 25% 
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intercalated lithium, although there was a slight change in intensity at the particle/matrix 
interface regions, as seen in Figure 3.8. The green colored phase now surrounded more Si 
particles compared to the original state and was thicker around certain particles, suggesting a 
density change near the particle/matrix interface due to lithiation of the Si surface and potentially 
due to the formation of SEI. After 50% lithiation, the Si particles visibly began to expand and the 
overall size of the electrode increased. A decrease in the attenuation coefficient of the Si particles 
was observed, and the low attenuating phase began to penetrate the Si particles in larger extent 
near the top of the electrode, which was closest to the counter electrode where some particles 
were seen to have alloyed with Li to Li3.75Sn. These particles near the top experienced severe 
fracture with cracks, opening additional paths for Li diffusion into the particle. At 75% lithiation, 
there was significant particle fracture and more particles were observed to be in the Li3.75Sn 
phase. Finally, the electrode microstructure completely changed upon lithiation to 100%, where 
the majority of lithiated Si particles reached its highest phase, Li3.75Si. More obvious in the 3D 
images, some Si particles remained unlithiated, i.e., are inactive, as was seen in the individual 
slices in Figure 3.5. For this particular electrode, 28 large sized particles and 64 small sized 
particles, or ~2.6% of the total amount of particles, were seen to be inactive from the beginning.  
   
 
 54 
 
Figure 3.8 3D rendering of Si-based electrodes of the D-LIB cell following different amounts of 
lithiation, 0%, 25%, 50%, 75%, and 100%. The region near the top of the 3D rendering 
represents the area closest to the separator. 
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 To compare the phase characterizations of Li content shown here for Si particles, the 
potential versus lithium content for a reaction at room temperature is shown in Figure 3.9 (a). 
This plot was reported by Chandrasekaran et al. [61] and illustrates the numerical and 
experimental characterization of Li content with respect to electrode potential. The dotted curves 
show experimental data on a poly-Si thin film, while the solid curve and high temperature data 
curve represent simulations. In either case, the potentials did not relate closely with the 
experimental potential observed here for the composite Si-electrode, which dropped significantly 
during the first 18 h of lithiation until a plateau of 0.06 V and maintained a similar voltage 
profile until 0.01 V was achieved. In other work by Kim et al. [60], the Li content was plotted 
against normalized volume and density and showed linear trends in both cases for amorphous 
and crystalline Si (Figure 3.9 (b)). The 3D visualizations here did not show significant density 
or volumetric changes until 50% lithiation. Discrepancies can be attributed to the surface 
measurement acquired via composite electrode in comparison to the direct active particle contact 
and ideal models reported earlier. The trends reported in such works (density and volume), 
however, were used to describe the linear variation in Li content for the 3D volume rendered 
images for the global length scale, giving a good estimate of the Li intercalation throughout the 
composite electrode. 
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Figure 3.9 (a) Potential versus Li content at room temperature for experimental and numerical 
models [61] and (b) numerical model showing variation in volume and density of amorphous and 
crystalline Li-Si alloys as function of Li content [60]. Plots acquired from references listed.  
 
3.3 Individual Particle Evolution 
3.3.1 Particle Profile and Failure Evolution 
Six Si particles were manually analyzed, but only two representative particles are 
presented here that illustrate different particle evolutions as a function of lithiation. More 
specifically, one particle close to and one furthest from the top of the electrode (top being closest 
to the separator) are discussed. The remaining four particles are shown in Appendix B. The 
locations of the selected six host particles are shown in Figure 3.10 as the numbered yellow 
circles (dotted) overlaid on the 2D radiograph from the original scan. The particles were selected 
throughout the height of electrode near the center. Since all particles were selected near the 
electrode center on the x-y plane and varied only in the vertical z direction, the TEDA can 
resolve if lithiation was height-dependent. 
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Figure 3.10 Location of six individual Si particles used in TEDA analysis. 
 
The locations of each of the particles analyzed were described as the initial distances 
from the particle to the top of the electrode in the untested electrode. The first particle of interest 
presented here, Particle 2, was located 389 μm from the top of the electrode.  In all the following 
particle evolution analysis, the leftmost figure is the middle 2D slice (x-y plane) of the cropped 
region with the particle edge outline overlaid on the image to show the result of the automated 
threshold edge detect method (TEDA). The central figure displays the 3D rendering of the 
particle based on the TEDA, and the rightmost figure displays a gray scale histogram of the 
entire cropped region of interest, i.e., corresponding to the particle and the local background, 
with an inset showing the particle histogram only and the respective threshold value. In Figure 
3.11, particle evolution of Particle 2 as a function of lithiation is shown. The original state is 
shown in Figure 3.11 (a), where the leftmost figure shows the anisotropic particle shape outlined 
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with the edge boundary determined from TEDA along with the 3D profile of the particle shown 
in the center. The histogram of the entire region of interest illustrates a bimodal behavior with 
two peaks at each end of the gray scale spectrum. This behavior was seen previously in the 
global threshold profile (Figure 3.6) for the original state. The localized threshold value 
determined for this state was 130, meaning any voxel value above this number was considered a 
particle. The particle threshold profile itself consisted of a distinct peak gray level of 205. After 
25% lithiation (Figure 3.11 (b)) the particle appeared similar to the original state, but the 
threshold intensity value increased to 136. The particle and global profiles showed similar 
behavior to the original state. Following 50% lithiation (Figure 3.11 (c)) the 3D profile of the 
particle began to change as the surface became rougher. The threshold intensity value decreased 
to 120 and the particle histogram began to change profiles to a gradual peak gray level of 201. 
The histogram of the entire region started to lose its distinct bimodal nature as the particle 
intensity moved close to the background matrix, indicating a decrease in density as Li
+
 entered 
the camera. The Si particle was also seen to increase in size and volume (note the change in scale 
of the x, y, and z axes), and the surface now generated cracks following 75% lithiation (Figure 
3.11 (d)). At this point, the threshold intensity value decreased to 97. The threshold edge detect 
method captured the edge of what was determined a particle, but only tracked the outer surface 
and did not account for cracks formed within the particle. A grayish region surrounded the 
particle edge, a result similar to that of the core-shell process, where this layer consisted of 
alloyed LixSi and SEI (the latter not visible at this length scale). The core-shell layer was also 
noticeable in Figure 3.11 (b) and (c) where a small grayish region began to surround the Si 
particle. The global gray scale histogram lost its bimodal nature as the particle intensity profile 
shifted to the left. Following 100% lithiation intercalated (Figure 3.11 (e)), the particle threshold 
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intensity decreased to 74, and the TEDA captured regions of low intensity that were considered a 
particle. At this stage, it was difficult to differentiate if a region belonged to the relevant particle 
or if it was actually fragments from another neighboring particle. Both the electrode and the 
particle volume increased significantly and the particle severely damaged from fracture and 
expansion. The global and particle intensity histograms both shifted to the left and resulted in a 
sharp peak at the left side of the gray level spectrum. The same behavior was also seen for 
Particle 1 and 3 as described above for Particle 2 (and shown in Appendix B). 
 
 
Figure 3.11 Evolution of Particle 2, located 389 μm from the top of the electrode, at different 
stages of lithiation, (a) 0%, (b) 25%, (c) 50%, (d) 75%, and (e) 100% lithiation. For each 
lithiation step, there are three figures. The leftmost figure is the middle 2D slice (x-y plane) of 
the particle with the particle edge outline overlaid on the slice showing the result from the 
threshold edge detect algorithm. The central figure shows the particle in 3D where the volume 
shown is based on the threshold edge detect method. The rightmost figure displays the gray scale 
histogram of the entire cropped region of interest with an inset showing the particle histogram 
with the threshold value defining a particle. 
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Figure 3.11 (cont.) 
 
 
 
  
 The second particle discussed in detail here, Particle 6, was the furthest particle selected 
from the top of the electrode at 1453 μm and represents the other extreme of particle response 
observed. In the original state, the TEDA accurately mapped out the particle edge with threshold 
value of 136 as shown in  Figure 3.12 (a). The global histogram of Particle 6 took the form of a 
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bimodal profile and the particle histogram had a peak at the right end of the spectrum with a max 
value of 220. Following 25% lithiation  Figure 3.12 (b), the particle edge was outlined and the 
3D rendering of the particle was shown, though not exhibiting much change. The global and 
particle histograms demonstrated the same behavior as the original state but the threshold 
intensity decreased to 133. In  Figure 3.12 (c), the Si particle experienced 50% lithiation leading 
to the start of particle fracture and expansion as visually indicated by the 2D middle slice. The 
3D volume of the Si particle showed expansion in all three directions, note the expanded x-, y-, 
and z-axes scale values, and the surface of the particle became rougher. The global histogram 
began to lose its bimodal nature as the particle histogram gradually increased to a peak of 200, 
where the threshold value for this case was determined to be 119. The Si particle experienced 
additional crack growth and roughness along the surface, shown in the 2D image of  Figure 3.12 
(d). In the 2D slice, a gray region surrounded the edge of the particle signifying, as in the prior 
case of Particle 2, a shell of alloyed LixSi and SEI. The 3D rendering showed an increase in 
volume and surface roughness, and loss of the bimodal profile in the global histogram. The 
threshold value decreased even further to 112 and the particle histogram began shifting to the 
left, signifying the particle gray level becoming darker. Following 100% of lithium intercalated ( 
Figure 3.12 (e)), the threshold intensity decreased to 108, and the TEDA captured the particle 
edge. In the previous case of Particle 2, the TEDA captured particle edges but the severity of 
damage to the region made it difficult to determine what belonged to the particle of interest. In 
the case of Particle 6, however, the particle was still intact and distinguishable. The Si particle 
also experienced roughness in addition to volume expansion, as shown in the 3D rendering after 
100% global theoretical lithiation. 
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Figure 3.12 Evolution of Particle 6, located 1453 μm from the top of the electrode, is the 
furthest particle selected from the top of the electrode. The particle evolution is shown at 
different stages of lithiation, (a) 0%, (b) 25%, (c) 50%, (d) 75%, and (e) 100% lithiation. Refer 
to caption in Figure 3.11.  
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Figure 3.12 (cont.) 
 
 
 
Overall, the TEDA captured the profiles of the Si particles after each lithiation step. 
When the amount of lithiation increased, common trends such as increased volume expansion 
and surface roughness, and decreased threshold were observed. Additionally, the initial gray 
scale histograms of the localized regions surrounding the particle transformed from a bimodal 
profile to a single peak at the left end of the gray scale spectrum. The localized analysis of the 
gray scale histograms suggest, as previously done for the global analysis of the entire 3D dataset, 
that the attenuation coefficients of the Si particles decrease as a function of lithiation.  
With knowledge of the local particle and global composite electrode response from 3D 
imaging, a distinction from the global theoretical lithiation amount was identified. The voltage 
that was measured during GCPL is the electrode potential of the entire cell, which is equivalent 
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to the difference between the electrode potentials at the interface between the working electrode 
and the counter electrode, or Ecell = Ewe – Ece. The individual working and counter electrode 
potentials were then determined based on the reaction of the electrode and electrolyte at the 
interface boundary due to transfer and absorption of Li
+
 or charged species. This is a surface 
measurement of the global electrode response based on surface interactions and may not relate 
one to one with what was observed locally within the composite electrode using 3D X-ray 
microCT. Depending on the tortuosity, conductivity, particle size, electrode size, and particle 
location within the electrode, the Li diffusion was a highly localized process that differed from 
particle to particle.  In addition, the local and global response captured from X-ray microCT had 
variations such that the particle threshold values globally, for example, determined at the original 
and 100% lithiated states were 121 and 89, respectively, while the Particle 2 (Error! Reference 
source not found.Figure 3.11) and Particle 6 ( Figure 3.12) experienced intensity decrease 
from 130 to 74 and 136 to 108, respectively. All of these values differ but have a common trend 
of a decrease in gray scale intensity and hence density due to the alloying process. This same 
difference in global and local response is shown in the Sn-based composite electrode in Chapter 
4.  
 
3.3.2 Volumetric and Intensity Measurements  
The 3D renderings of the active particles shown in the previous section demonstrate the 
structural progression and damage to Si particles. To further understand particle evolution, the 
mean particle intensity for each particle was considered using the TEDA. In  Figure 3.13 (a), the 
mean particle intensity is shown as a function of lithium intercalated. Between the original state 
and 25% lithiation, Particles 1-4 experienced an increase in the average particle intensity while 
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Particles 5-6, furthest away from the top of the electrode, showed a decrease in particle intensity. 
As the lithiation steps increased, the mean particle intensity began to decrease for all particles. 
When 75% lithiation was reached, the overall trend of the mean particle intensity appeared to 
decrease more with particles closer to the top of the electrode and decrease less rapidly the 
further away from it. This was evident at 75% lithiation where Particle 1 had the lowest particle 
intensity while the other mean particle intensities were higher as the distance from the top of the 
electrode increased. After 100% lithiation, the particle intensity increased from Particle 4 to 
Particle 6. The last three values for Particles 1-3 were excluded as mentioned previously.  
 
 
Figure 3.13 (a) Mean particle intensity for Particles 1-6 at each lithiation step based on the gray 
scale. The last three points for Particles 1-3 were excluded due to indistinguishable particle 
fragments. (b) Averaged intensity using Particles 1-6 at each location to yield a single value 
showing the trend as a function of lithiation. The error bars represent the highest and lowest 
values of the particle intensities considered. 
 
The overall average intensity, computed as the average of all mean particle intensity 
values at each lithiation step, is presented in Figure 3.13 (b). The error bars signify the highest 
and lowest points of the data in Figure 3.13 (a). The average intensity value was constant at 195 
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for the first lithiation step. After 25% lithiation, the average intensity decreased almost linearly, 
supporting the conclusion of reduced attenuation coefficient of Si for increased Li intercalation. 
The constant average particle intensity between 0 and 25% lithiation suggested the formation of 
a core-shell structure during this lithiation phase.  
From the 3D renderings of the Si particles shown in the previous section, the volume 
expansion was computed, as a function of distance from the top of the electrode for all six 
particles and for each lithiation step, and shown in Figure 3.13 (a). The dotted region in Figure 
3.13 (a) is blown up in Figure 3.13 (b) to show more detail for lithiation levels of 25% to 75%. 
The error bars represent a threshold variation of ±5 to account for any error in determining the 
threshold value using Otsu’s method [52]. For the filled circle data points (25% lithiation) 
essentially no volume expansion was observed. Following 50% lithiation (the diamond data 
points) the volume increased for all particles, however, Particle 1 and Particle 6 experienced the 
most increase at 41% and 13%, respectively. This was expected, since the path for diffusion was 
smaller at these ends in comparison to the electrode center. After 75% lithiation (the triangle data 
points) volume expansion increased further, with Particle 1 and Particle 3 experiencing the 
highest volume expansion at ~235% and ~48%, respectively. Particle 1 was expected to 
experience the largest volume expansion due to its proximity to the top of the electrode. Particle 
3 was the smallest particle analyzed and thus was anticipated to lithiate faster than the others 
[25]. After 100% lithiation (the square data points) the volume expansion increased by an order 
of magnitude for Particles 4-6. The data points for Particles 1-3 were excluded in this 
measurement because of the severity of particle fracture, as mentioned in the previous section. 
The maximum computed volume expansion was for Particle 4 and reached up to 290%. 
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Figure 3.14 Volume expansion measurements for Particles 1-6, selected throughout the Si-based 
electrode, as a function of distance from the top of the electrode for each lithiation step. The left 
figure (a) shows volume expansion measurements up to 290% after 100% lithiation. The dotted 
box at the lower part of the plot is the location of the figure on the right (b), which is a close up 
of the first three lithiation steps. The error bars represent a threshold variation of ±5 to account 
for any error in determining the threshold value using Otsu’s method. 
 
Table 3.1 summarizes the calculated volume expansion for Si Particles 1-6. The asterisks 
next to numbers for 75% and 100% lithiation represent values in which the bimodal profile from 
the global histogram began to fade. Additionally, the initial volume (μm3) of each particle was 
shown to provide a reference for the particle size. Notably, there was a discrepancy in the results 
for Particle 2 and Particle 3. Although Particle 2 was closer to the top of the electrode and thus 
should have resulted in a faster diffusion in comparison to Particle 3, the volume expansion for 
Particle 3 was actually more significant than Particle 2, suggesting that smaller particles 
expanded disproportionally compared to larger ones, which is contrary to the findings in Chao et 
al. [25].  It is important to note, though, that in addition to the matrix porosity and the particle-
matrix electrical contact, several other factors do influence the lithiation rate in a 3D locally 
electrically heterogeneous matrix.  
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Table 3.1 Volume expansion computed for six Si particles using TEDA. The starred 
values mark the values in which the global histogram, used to determine the threshold 
value using Otsu’s method, began to lose its bimodal profile.  
Lithiation  
(%) 
Particle 1 Particle 2 Particle 3 Particle 4 Particle 5 Particle 6 
25 -1.7 -3.4 -1.5 0.4 -1.5 -1.8 
50 41.4 4.7 5.3 4.1 0.1 13.0 
75 234.8* 21.1* 47.5* 10.0* 8.7* 19.9* 
100 NA NA NA 290.0* 108.8* 78.4* 
Volume @ 0% 
(10
6
 μm3)  
3.71 4.42 3.40 3.69 3.44 3.54 
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4. CHAPTER 4: TIN COMPOSITE ELECTRODE      
 This chapter covers the microstructural evolution of Sn-based composite electrodes from 
lithiation and delithiation. The main focus of this chapter is the mixed particle distributed (MPD) 
electrode. To offer comparison to another electrode configuration, results from a large particle 
distributed (LPD) electrode are also presented throughout this chapter. As mentioned in Section 
2.1, Sn powder (<150 μm) was used, but was sieved to obtain particles greater than 100 μm in 
the case of the LPD electrode. The MPD electrode incorporated a very small wt.% of large 
particles (> 100 μm) and the remaining amount used was as-obtained Sn powder. For both 
electrodes, 50%wt. active material was used in manufacturing.  
 A raw 2D radiograph of the MPD electrode, the main focus of this chapter, in its original 
state is shown in Figure 4.1 (a). The dark region at the bottom of the radiograph image is the 
current collector visible in the FOV. The dark black particles are the Sn particles distributed 
throughout the electrode. The binder is not visible in the radiograph image due to the X-ray 
absorption of the particles being much greater. The brighter space surrounding the electrode is 
the electrolyte within the D-LIB cell. In comparison to the untested LPD electrode in Figure 4.1 
(c), the MPD electrode evidently contained a smaller distribution of large particles and a higher 
volume of smaller particles less than 50 μm. An increased distribution of large particles (> 75 
μm) was observed for the LPD electrode. The overall microstructural change resulting from 
100% lithiation is shown in Figure 4.1 (b) and (d) for the MPD and LPD electrodes, 
respectively, shown to scale in Figure 4.1 (a) and (c). The electrodes overall were seen to 
expand in volume in addition to the Sn particles themselves.  
 70 
 
Figure 4.1 Raw 2D radiographs (10x magnification) of the two different electrodes presented in 
this chapter. The MPD Sn electrode (a) is the untested electrode and (b) after complete lithiation, 
while the LPD Sn electrode (c) untested and (d) after complete lithiation. Dotted yellow line in 
(a) shows cropped 2D slice location used later in Subsection 4.3.1. 
 
4.1 Galvanostatic Cycling with Potential Limitation (GCPL) – MPD Sn Electrode 
  The MPD Sn-based electrode within the D-LIB cell was tested using GCPL for a total of 
7 steps during the first full lithiation, followed by complete delithiation and a second applied 
lithiation (total of 9 steps for 1.5 cycles). The specific capacity versus voltage curve is shown in 
Figure 4.2 where a C/80 rate was used for steps 1-6 and C/160 rate for the remaining steps. 
During the first half of cycle 1 (CL1), the LIB cell underwent the 7-step lithiation process (black 
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solid curve), where X-ray microCT scans were obtained after each step until the cell reached a 
limiting voltage of 0.01 V, yielding a specific capacity of 811 mAh/g (82% of the theoretical 
capacity). Delithiation (red dashed curve) of the LIB cell followed until a limiting voltage of 1.5 
V was reached (587 mAh/g) and another scan was taken (step 8). During cycle 2 (CL2), the LIB 
cell was lithiated (blue dotted curve) back until a limiting voltage of 0.01 V was reached and a 
final scan was taken (step 9). The inset within Figure 4.2 shows a close up of the final lithiation 
states after CL1 and CL2 lithiation. The D-LIB and electrode suffered significant capacity fade 
within the first 1.5 cycles as the reaction did not show high reversibility during the delithiation 
phase, resulting in ~580 mAh/g of specific capacity lost. These effects can be attributed to a 
number of factors including SEI formation [11], irreversible chemical reactions, loss of 
conductivity, and damage to the electrode and active particles. For the subsequent sections, 3D 
imaging for steps 0, 3, 4, 7, 8, and 9 are presented for the MPD electrode, as these were the 
locations of significant microstructural changes.  
 
Figure 4.2 Galvanostatic lithiation/delithiation of the MPD Sn electrode. The number values on 
the plot show the locations of significant acquired X-ray microCT scans. For steps 1-6, a C/80 
rate was used whereas steps 7-9 used a C/160 rate. 
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4.2  Global Microstructural Evolution of Sn-based Electrode 
For the MPD Sn-based composite electrodes, the particle size distribution varied widely. 
As mentioned in Section 2.5, particle volumes were determined using TEDA and 3D-OC for 
volumes greater than 100 voxels, producing the estimated particle size distribution for the MPD 
electrode shown in Figure 4.3 (a) and assuming spherical particles. The total number of Sn 
particles detected above the 100 voxel volume limit (~10 μm diameter) for the MPD electrode 
was 9,409 with an average equivalent diameter size of ~30 μm. The largest particle was 210 μm 
and approximately 32 particles ranged between 50-160 μm (particles easily detected in Figure 
4.1 (a)). For comparison, the LPD electrode (Figure 4.3 (b)) had a total of 11,953 detected Sn 
particles with the largest equivalent diameter at 220 μm and a total of 511 particles greater than 
50 μm. The majority of particles in both electrodes were below 50 μm in equivalent diameter. 
The dotted box in both figures shows the inset figure for particles greater than 50 μm. Again, this 
distribution did not include the presence of particle diameters below 10 μm.  
 
  
Figure 4.3 Particle distribution within the scanned X-ray microCT FOV of the (a) MPD 
electrode yielding a total 9,409 detected particles and (b) LPD electrode with 11,953 detected 
particles. The inset for both figures shows the distribution for particle diameters > 50 μm. 
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4.2.1 Lithiation Progression – MPD Electrode  
 The untested MPD Sn electrode is first shown in Figure 4.4 as a volume rendered image 
with a physics color map applied. The Sn particles initially exhibited high X-ray attenuation (red 
color; high X-ray absorption) and had spherical profiles for smaller particles and ellipsoidal 
profiles for larger particles. Global phase characterization mapping was also applied here as 
described in Section 2.6. In the original state, a faint green color was visible on the surface of 
some particles due to X-ray diffraction at the edges causing an initial false appearance of low Li 
intercalation.  
 
Figure 4.4 3D volume rendered image of MPD Sn composite electrode at step 0, or untested. 
 
 Figure 4.5 displays the global 3D volume rendered image progression of the MPD Sn 
composite electrode at the initial state (step 0), CL1-lithiation to 375 mAh/g (step 3, 38% 
lithiation), CL1-lithiation to 500 mAh/g (step 4, 50% lithiation), CL1-lithiation to 811 mAh/g 
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(step 7, 82% lithiation), CL1-delithiation back to 587 mAh/g (step 8, 59% lithiation), and CL2-
lithiation back to 800 mAh/g (step 9, 80% lithiation). Table 4.1 shows the measured capacity, 
global GSI particle average, GSI edge values, the total number of voxels, and the volume ratios 
with respect to the original state, V0, after each half-cycle. A light yellow and green phase 
estimated at Li1.6Sn began to form on the surface of many particles at 38% lithiation. As the 
electrode was lithiated to 500 mAh/g, the Sn particles began to lose their high X-ray attenuation, 
as a low attenuating phase continued to appear at the particle interface. At this point, volume 
expansion of the Sn particles was visually observed in addition to particle fracture. Upon further 
lithiation to 811 mAh/g, the majority of Sn particles were Li-rich, near Li3.75Sn. Only one large 
particle toward the top right of the electrode did not experience complete phase transformation. 
The rest of the smaller particles throughout the electrode became low density and showed a blue 
phase as Li3.75Sn. Measureable composition gradients existed in most particles due to the 
penetration of the Li
+
 from the surface. The total volume expansion of all Sn particles counted 
together was 294% (from 7,060,000 to 27,800,000 voxels), and in addition to particle fracture, a 
low attenuation in a large majority of particles was observed. After CL1-delithiation, the Sn 
particles regained high attenuation, denoting a decrease in their Li
+
 content, and contracted by 
45% in total volume. After CL2-lithiation, step 9, the Sn particles decreased in X-ray attenuation 
and continued to expand up to 79% in total volume.  
 
Table 4.1 Computed global properties after CL1-lithiation, CL1-delithiation, and CL2-lithiation. 
Step 
Specific 
Capacity 
(mAh/g) 
Particle 
Edge GSI 
Average GSI 
(all particles) 
Total 
Volume  
(# voxels) 
Volume 
Ratio 
(Vi/V0) 
CL1 – Step 0 0 113 149 7,060,000 V0 
CL1 – Step 7 (Lithiation) 811 67 83 27,800,000 3.94V0 
CL1 – Step 8 (Delithiation) 587 83 105 15,400,000 2.18V0 
CL2 – Step 9 (Lithiation) 800 65 82 27,500,000 3.90V0 
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Figure 4.5 3D volume rendered images of the MPD Sn-based electrode. The stages shown are 
the (a) original state, (b) CL1-lithiation up to 375 mAh/g, (c) CL1-lithiation to 500 mAh/g, (d) 
CL1-lithiation to 811 mAh/g, (e) CL1-delithiation to 587 mAh/g, and (f) CL2-lithiation back to 
800 mAh/g. The Sn particles are shown in red and each 3D scan is normalized with respect to 
each other. The color bar shows the global estimated phases within the Sn particles.  
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The GSI histograms of the entire scanned 3D volume for the MPD electrode for each step 
presented above are shown in Figure 4.6. Two arrows are placed on the plot to show trends for 
the first half cycle until complete lithiation. The y-axis is plotted on a logarithmic scale to better 
capture the effects for intensity values greater than 70. The matrix had most pixels in the lower 
GSI region, denoted as the leftmost peak on all curves, and stayed consistent throughout.  The 
right portion of the plot beyond an intensity value of 70 showed a decrease in the high GSI 
values within the electrode during the first half cycle until a relatively flat region at step 7 (black 
dotted curve) was acquired. Both step 0 and step 3 (blue solid curve and green dashed curve) had 
the same behavior and were indistinguishable. In the GSI region of 70 to 170, an increase of Li 
content led to an increase of lower GSI values (the upward arrow trend) until CL1-lithiation step 
7. After CL1-delithiation, the trends reversed for both regions, signaling the increase of intensity 
within particles and the decrease in Li content. Upon further lithiation, CL2-lithiation, similar 
trends as CL1-lithiation were seen. 
        
Figure 4.6 Global gray scale intensity of entire 3D scanned volume for each lithiation and 
delithiation state presented in the 3D rendered images. Arrows show trends for first half cycle. 
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 The GSI at different levels was determined for the end states of the MPD electrode 
shown previously in Table 4.1. The Sn particle GSIAvg.Global values as a function of specific 
capacity are shown in Figure 4.7, where the error bars represent the σAvg.Global. At the original 
state, the average gray scale value was 149 and remained relatively constant through 375 mAh/g. 
The gray scale average value then began to decrease to a value of 110 at 500 mAh/g. A final 
value of 83 was obtained after 811 mAh/g or 82% of the theoretical lithiation. The gray scale 
average increased to 105 (the red square point) upon delithiation and decreased back to 82 after 
CL2-lithiation. After 375 mAh/g of achieved capacity, a linear curve was observed where the 
subsequent electrochemical states maintained properties following this linear trend. The decrease 
and increase in global intensity of all particles demonstrates the change in particle density, along 
with fracture progression.       
 
 
Figure 4.7 Average GSI values of all Sn particles with error bars representing the standard 
deviations in the threshold determination. The circular points represent C1-Lithiation steps, the 
square point C1-Delithiation step, and the diamond point the C2-Lithiation step. 
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4.2.2 Lithiation Progression – MPD Electrode  
In the latter case, the LPD Sn composite electrode underwent complete lithiation and 
delithiation for one cycle using GCPL. The behavior of this electrode differed in some respects 
because of the larger particle sizes and thicker electrode profile, as displayed in Figure 4.1. 
Three X-ray microCT scans were attained for the LPD sample at the original state (Figure 4.8 
(a)), after complete lithiation (Figure 4.8 (b)), and after delithiation (Figure 4.8 (c)). In Figure 
4.8 (a), the red objects are Sn particles distributed throughout the electrode consisting of mostly 
larger sizes. The threshold gray scale particle intensity determined by Otsu’s method was 127 for 
unlithiated Sn, meaning anything above 127 was considered a Sn particle. After complete 
lithiation of the working electrode (Figure 4.8 (b)) the particles expanded, fractured, and 
changed phase and hence X-ray attenuation. The new computed GSI value for the determination 
of a Li3.75Sn particle became 65, meaning anything below this value was considered fully 
lithiated. In the 3D visualization for Figure 4.8 (b), the normalized color scheme was 
maintained, allowing for any particle partially or fully unlithiated to appear with the color red. 
Several Sn particles did not experience drastic color change or fracture, signifying minor change 
in density and phase. These inactive particles all occurred below a distance of 1.1 mm from the 
top of the electrode closest to the counter electrode (marked with vertical arrow). At this 
distance, the first inactive particle was found and marked in the figure with a dashed circle. 
Following delithiation of the working electrode (Figure 4.8 (c)) the majority of Sn particles 
regained their color and contracted in volume. The threshold GSI value increased to 102. This 
LPD electrode showed an increase of particles that did not lithiate completely in comparison to 
the MPD electrode. The increased height also played a factor in Li diffusion where particles 
struggled to lithiate because of their respective location within the electrode (beyond 1.1 mm). 
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The LPD and MPD electrodes were placed on global scales using all particle average intensity 
values. To get a better picture of the lithiation effects, the localized response of individual 
particles is discussed.  
 
 
Figure 4.8 3D volume rendered images of the LPD Sn composite electrode during the first cycle 
(a) at the original state, (b) after 100% lithiation, and (c) following 25% delithiation. Dashed 
circle in (b) shows location of the closest inactive particle at 1.1 mm from the top of the working 
electrode.  
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4.3 Local Particle Evolution of Sn  
4.3.1 Fracture Progression  
To further analyze particle evolution, cropped raw data 2D slices at the same location in 
the electrode, ~350 μm from the top, were investigated for different lithiation and delithiation 
states in Figure 4.9 (a)-(f). The Sn particles in the original state (Figure 4.9 (a)) were white 
irregular ellipsoid objects and the dark area surrounding them correspond to the porous matrix 
containing PVDF-CB binder. The 2D slices were visualized using a gray scale color map with 
values between 0 (black) – 255 (white). In the 2D slices presented here, five large Sn particles 
surrounded by many smaller particles were selected for visual analysis and marked with a dotted 
line in Figure 4.1 (a). After C1-lithiation to 375 mAh/g (Figure 4.9 (b)) the particles began to 
lose gray scale intensity near the particle-matrix interface, shown with an arrow, although this 
does not happen uniformly within a particle or between particles. Additional lithiation to 500 
mAh/g (Figure 4.9 (c)) resulted in extensive particle expansion and fracture. All of the five 
particles experienced crack initiation at the surface while crack tips for the majority of these 
particles were located within the particle, indicating crack propagation toward the inner core. In 
addition, two arrows locate areas where the Sn particle intensity is higher (similar to the previous 
lithiation states) in comparison to the surrounding lower gray scale intensity. This visual result 
suggests that the entire particle is not lithiated to the same level, which is further evidence of the 
Sn particles entering a new phase due to the penetration of the Li alloyed shell in the estimated 
form of Li1.8Sn. After C1-lithiation to 811 mAh/g (Figure 4.9 (d)) the Sn particles became 
uniformly darker, both within and between particles, in gray scale intensity compared to the 
previous case, with more volume expansion leading to additional particle cracking and in some 
cases cracks extending across the entire particle. Therefore, although the surface lithiation 
 81 
dictates the final voltage, it appears that even in the largest particles complete lithiation was 
achieved. However, there were again particles, as with all electrodes tested, that did not lithiate 
at all (discussed next and in Subsection 4.3.2). Following C1-delithiation (Figure 4.9 (e)), two 
particles located with arrows regained their particle intensity and decreased in size, leading to 
crack closure of some existent fracture openings. Similar to the 3D observations made in the 
previous section, further lithiation during C2 led to increased volume and additional cracking. 
However, in this case, the rightmost particle did not lose GSI in comparison to the others, 
indicating that it did not lithiate during the second cycle, and thus terming it active to inactive.  
 
Figure 4.9 Sn particle evolution from cropped 2D slices following different stages of 
lithiation/delithiation cycling. The bright areas in the 2D slices represent Sn particles (original 
state), which are areas of high X-ray attenuation. The progression of 2D slices from the X-ray 
microCT scans are shown as follows: (a) 0 mAh/g, (b) 375 mAh/g, (c) 500 mAh/g, (d) 811 
mAh/g, (e) 587 mAh/g, and (f) 800 mAh/g. Arrows are used to point out locations of interest. 
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 In the same MPD electrode, two other areas close to the electrode edge are shown in 
Figure 4.10 where the first set of images show the lithiation progression of a rare Sn particle 
with two small pre-existing cracks within the interior of the particle (Figure 4.10 (a)) and the 
second set shows a group of large and small particles (Figure 4.10 (b)). In the first set, (Figure 
4.10 (a)), the initial state of the Sn particle is shown at 0% with the interior crack marked with an 
arrow. Upon lithiation to 38%, a lighter phase (Li diffusion and alloying) began to occur non-
uniformly near the particle boundary. A crack originated between this state and 50% lithiation 
where the crack appeared to have propagated directly to the internal defect. The crack opening 
displacement was the greatest at the surface hence providing further support of the origination of 
the crack. After complete lithiation to 82% of the theoretical capacity, the particle endured 
horizontal crack formation and propagation through thickness while another crack was observed 
to propagate to the second defect from another surface crack which was visible in the previous 
state of 50% lithiation. Delithiation of this particle resulted in an increase in GSI and contraction 
of the particle. Continued lithiation (CL2-lithiation, step 9) drove more cracks to form 
throughout the particle, in addition to the continued volume growth. In this case of the Sn 
particle under load from Li diffusion, cracks formed around the pre-existing void and propagated 
toward the interior void leading to crack opening stresses. It appears that the void does not affect 
the crack formation from the surface inwards, although the inability of the interior void to grow 
in size or initiate cracks could also be a result of negligible interior stresses in the particle that are 
appropriate to drive crack initiation from the void (although strains do exist there). 
 The second set of images in Figure 4.10 (b) shows fracture progression for a group of 
particles. It was not until 50% lithiation that particles were observed to experience cracks and 
decrease particle GSI. A Sn particle that was lithiated later than the surrounding ones is located 
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on the figure with a yellow arrow. An anisometric LixSn shell formed about this particle where 
the Sn core was still visible. Upon continued lithiation to 82% of the theoretical capacity (step 7), 
all particles in this FOV lithiated completely but one smaller particle did not (marked with 
arrow).  Other larger particles surrounded this small one as lithiation progressed but seemed to be 
inactive from the beginning. All other particles in this case lithiated completely, hence were 
active particles. The next Subsection covers different particle characterizations.  
 
 84 
 
Figure 4.10 Sn particle fracture evolution for two different sets of 2D cross-sectional slices. 
Image progression for (a) shows a particle with a pre-existing void and (b) shows a group of 
particles (large and small) where the arrow points out the surrounded small particle.  
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4.3.2 3D Particle Characterization  
3D visualizations shown earlier in Subsection 4.2.1 for the global electrodes were placed 
on a global phase characterization color map. This type of phase characterization gave the 
representative overall behavior of the particles within the electrode, however this does not 
characterize all particles well. In this section, the same phase characterization procedure was 
carried out locally for a few selected particles. To portray individual Sn particle evolution, the 
localized phase characterization procedure was used. It should be noted that the LixSn phase 
characterization map was set to incorporate the beginning and end states of initial particle 
lithiation. Subsequent CL1-delithiation and CL2-lithiation were also mapped on this same 
characterization color map, but may have some error because of the extraction of Li
+
 after CL1-
delithiation resulting in residual porosity which can alter the X-ray absorption amount and hence 
color representation. Further work would need to be done to optimize the phase characterization 
beyond CL1-lithiation but for the purposes of Li intercalation estimation, the original procedure 
is used here as specified in Section 2.6.  
It has been seen that certain particles lithiate less than others that seem to function 
properly. A typical active and active to inactive particle at similar locations and relative size was 
analyzed to allow for a qualitative comparison between two identical particles without the effects 
of particle size and height. First, a localized view of a typical active Sn particle is shown in 
Figure 4.11 (a)–(f) to provide a detailed visualization of particle morphology evolution. 
Although tomography scans were taken and analyzed at all steps, only the lithiation steps leading 
to significant changes are shown in Figure 4.11, namely steps 0, 3, 4, 7, 8, 9. At step 0, the 
global edge GSI value was determined to be 113, while the average localized GSI value for this 
particular Sn particle was 228 (held constant in subsequent visualizations as the upper bound to 
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denote a pure Sn particle), which is shown as the red color in the 3D rendered image. Initial 
lithiation to step 3 yielded minimal particle evolution although the capacity reached 38% of the 
total. However, following CL1-lithiation to 500 mAh/g (step 4), the particle edge GSI value 
decreased to 89 with a volume expansion for this particle of 82%. At this instant, a green coating 
(mid-phase Li1.8Sn) surrounded the Sn particle while the inner core (see bottom cross-section cut 
in Figure 4.11 (c)) showed alloying of Li1.8Sn consisting mostly of a yellow-green color. Sn 
particle surface roughness, as seen in prior work [55, 64], was also visible at this lithiation state. 
After complete CL1-lithiation (step 7), the particle edge GSI value decreased to 67 and a 270% 
volume expansion was measured in this case. The lithiated Sn particle entered high-phase, 
~Li3.75Sn, with crack propagation and the formation of new cracks from the surface inwards. 
Following delithiation (step 8) the particle contracted by 42% in volume. After CL2-lithiation 
was applied, this Sn particle expanded by an additional 103%, decreased its GSI edge value back 
to 65 (from a previous value of 83), and fractured further, leaving voids with deep cracks and a 
further lithiated particle.  
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Figure 4.11 Typical active Sn particle showing lithium diffusion for 1.5 cycles at specific 
capacity locations of (a) 0 mAh/g, (b) 375 mAh/g, (c) 500 mAh/g, (d) 811 mAh/g, (e) 587 
mAh/g, and (f) 800 mAh/g. Top images are the full size particle and the bottom images are the 
cross-sectional middle views. 
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A active to inactive particle is presented in a series of images in Figure 4.12 (a)-(f). The 
initial GSI value for the Sn particle in the original state was 113. As mentioned before, the Sn 
particle is represented as the red color and the phase color map is below the figure. Following 
CL1-lithiation to 375 mAh/g, the particle gray scale value remained the same but the particle 
increased in volume by 4.5%. Further lithiation to 500 mAh/g yielded a gray scale value 
decrease to 89 with a volume expansion of 44%. At this point, the change in volume experienced 
for this particle was approximately half of that of the active particle, suggesting delayed 
lithiation. For the 3D image in Figure 4.12 (c) a green coating (Li1.8Sn phase) surrounded the Sn 
particle while the inner core remained the same. This green coating, actual yellow and green 
layer of Li1.8Sn phase, should not be mistaken for the initial light green coating in images Figure 
4.12 (a) and (b) that were resultant of edge diffraction giving a false surface phase. After 
complete CL1-lithiation, the gray scale value decreased to 67 and the particle grew in volume by 
274%. The lithiated Sn particle appeared blue on the surface (high Li3.75Sn phase) with radial 
cracks as seen in the 2D slice images. Following CL1-delithiation, the particle regained some of 
the low phase levels and contracted by 38% in volume (gray scale value of 83). Up until this 
point the particle was completely active, but after CL2-lithiation was applied, the Sn particle 
expanded by only an additional 31%, decreased its gray scale value to 65, and did not change in 
phase in the interior of the particle, demonstrating the start of an inactive particle. The lack of 
phase change but continued volume expansion can be attributed to the error in the phase 
characterization in addition to particle relaxation, which will be discussed in Chapter 5. 
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Figure 4.12 Representative Sn particle that becomes inactive following CL1-delithiation. The 
3D local lithiation for 1.5 cycles at specific capacity locations of (a) 0 mAh/g, (b) 375 mAh/g, 
(c) 500 mAh/g, (d) 811 mAh/g, (e) 587 mAh/g, and (f) 800 mAh/g. Top images are the full size 
particle and the bottom images are the cross-sectional middle views. 
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The volume change at each step versus the specific capacity for both particles was 
measured and is shown in Figure 4.13. In the left plot (Figure 4.13 (a)) the active particle is 
shown, while the active to inactive particle is shown in the right plot (Figure 4.13 (b)). Both 
particles did not experience any volume expansion through 250 mAh/g (CL1-lithiation). Only 
after a capacity of 375 mAh/g was reached did the eventual inactive particle experience a small 
volume expansion of 4.5%.  From 375 mAh/g to 811 mAh/g, the active particle increased in 
volume linearly with capacity until a max volume expansion of 270% while the inactive particle 
experienced volume expansion up to 274%. Both particles then delithiated by similar amounts 
but the difference was clear after CL2-lithiation, in which the active particle in Figure 4.12 
began its path to becoming inactive because of a lack of phase change and the volume expansion 
~70% was less than that of the active particle in Figure 4.11.  
 
 
Figure 4.13 Change in volume versus specific capacity for steps 0, 2, 3, 4, 7, 8, and 9. Left plot 
shows (a) active particle and right plot shows (b) active to inactive particle. The black circles 
represent CL1-lithiation, the red square as CL1-delithiation, and blue diamond as CL2-lithiation.  
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Referring back to the 3D visualizations of the LPD electrode, less than 3% of the total 
11,953 Sn particles did not lithiate completely, i.e., Li3.75Sn, or even partially. These particles 
were inactive from the beginning while the rest of the particles lithiated in some fashion. Figure 
4.14 gives a representative example of an inactive Sn particle in which the particle did not 
fracture or noticeably change phases within the core. For the original Sn particle in Figure 4.14 
(a), a spherical shape was seen with a coarse surface. A green-blue color phase covered the 
particle after 100% lithiation of the LPD electrode (refer to color map in previous figures) 
suggesting an alloyed phased on the surface greater than Li1.8Sn (Figure 4.14  (b)). This particle 
appeared to have lithiated without fracture and expansion in volume by 93%, but the sliced 3D 
cross-sectional view showed that a Sn core still made up the bulk of the particle. Following 
delithiation (Figure 4.14 (c)), the particle reduced in volume by 12% and the alloyed shell 
decreased in thickness as well. Reasons for the particle volume expansion without phase change 
are unknown.  
 
Figure 4.14 Typical inactive from LPD electrode at (a) 0% lithiation, (b) 100% lithiation, and (c) 
25% delithiation. Top images show whole particle while bottom images show half.  
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4.3.3 Volumetric and Intensity Measurements – MPD Electrode  
The prior sections covered the analysis of single particles manually using visualization 
and TEDA. In this section, the 3D-OC in combination with in-house analysis algorithms was 
used for further measurements of twenty-nine Sn particles with diameters between 30-120 μm. 
These particles were selected such that after each state, they were uniquely identified for detailed 
observations as those described above. For these particles, comparisons were made between the 
initial particle diameter (Di), the change in average particle GSI with lithiation/delithiation 
(ΔGSI), the particle volume change (ΔVol), and the initial surrounding volume of neighbor 
particles in a sphere of influence (S.Voli). The results after each half-cycle are shown in Figure 
4.15, Figure 4.16, and Figure 4.17 for CL1-lithiation, CL1-delithiation, and CL2-lithiation, 
respectively. The points shown in the 3D plots denote the initial Sn particle diameters, with each 
datum point being scaled both in size and color (dark blue = 30 μm to dark red = 120 μm) based 
on the Sn particle diameter. The twenty-nine plotted points are also projected onto each plane of 
the 3D plot to assist in establishing relations between the individual quantities plotted on each 
axis.  
After CL1-lithiation, the selected particles experienced an average volume expansion of 
around 250% while the overall average ΔGSI was 48%, signifying a decrease in gray level 
intensity. However, as would be expected, smaller particles expanded more – up to about 460% 
in this case. This large volume expansion, which is more than the theoretical, can be attributed to 
an effective volume expansion measurement which includes voids and cracks within the particle, 
an outcome this method cannot individually detect and separate from the volume measurement. 
For particles greater than 55 μm, the volume expansion was limited to ~220%. This dependence 
of volume expansion on particle size is clearly seen in the projection on the Di-ΔVol. plane. The 
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ΔGSI exhibited similar behavior where larger particles held a value near 52% and, as particle 
size decreased, ΔGSI decreased as well.  
Following CL1-delithiation (Figure 4.16) the average volume reduction was computed to 
be -42% (negative values represent a volume decrease) and the average intensity change was 
29%, now representing an increase in gray level intensity. On the ΔGSI - ΔVol plane, an increase 
in ΔGSI shows an increase in ΔVol (becomes more negative), followed by a plateau for ΔVol 
greater than -42%. The other trend lines also show that smaller particles have a wider range in 
volume reduction and intensity change in comparison to larger ones.  
After CL2-lithiation (Figure 4.17), a number of particles (28% of the twenty-nine) with 
ΔGSI ≤ 10% are seen to exhibit volume expansions < 32%, while most particles yielded an 
average volume change of ~107% (similar to Figure 4.11 (f)). Locally, a particle that did not 
increase in size after subsequent lithiations (due to effective volume expansions) still remained 
active with cracks and voids accommodating the transfer of Li
+
. These particles displayed 
minimal effective volume expansion, but noticeable intensity change, signifying a potential 
relation between particle functionality and local ΔGSI, even for cracked particles. 
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Figure 4.15 3D scatter plot for 29 selected Sn particles after CL1-Lithiation and respective 2D 
plots of projected points below. The analyzed particles are sized and colored with their 
respective initial particle diameters, Di (dark red = large particle, dark blue = small particle). 
Each point displays the percent change in particle intensity and volume, and particle diameter. 
The asterisk points are projected onto ΔGSI - ΔVol. plane (bottom left figure), circles onto ΔGSI 
- Di plane (bottom center figure), and squares onto ΔVol. - Di plane (bottom right figure). 
Dashed lines on the projected planes show any existent trend. The description for this caption 
applies for Figure 4.16 and Figure 4.17. 
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Figure 4.16 3D scatter plot for 29 selected Sn particles after CL1-delithiation and respective 2D 
plots of projected points below.  
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Figure 4.17 3D scatter plot for 29 selected Sn particles after CL2-Lithiation and respective 2D 
plots of projected points below.  
 
The surrounding initial particle volumes of the twenty-nine Sn particles were also 
examined in this analysis. The results for each end state, CL1-lithiation, CL1-delithiation, and 
CL2-lithiation, are shown in Figure 4.18 (a)-(c), respectively. It was determined that the S.Voli 
does not play a role in the ΔGSI and ΔVol, discounting the possibility of particle shielding 
effects in this electrode. For CL1-lithiation, the ΔVol maintained a consistent trend despite the 
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different range in S.Voli. After CL1-delithiation and CL2-lithiation, the data became more 
randomized and independent from particle size as well.  
 
Figure 4.18 Surrounding volume effect on the volumetric changes for (a) CL1-lithiation, (b) 
CL1-delithiation, and (c) CL2-lithiation. 
 
4.3.4 Volumetric Measurements – LPD Electrode   
Measurements using the LPD electrode are presented to offer a comparison of volume 
changes resulting from lithiation and delithiation. Within this electrode, volume expansion and 
reduction measurements for the first cycle were made for seven different particles near the center 
of the electrode at various heights using the TEDA. Similar to the process described with the Si 
particles of manually editing the images and isolating the particle of interest, a selected group of  
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 seven Sn particles were analyzed and locations overlaid on a 2D radiograph in Figure 4.19. 
These particles were selected throughout the height of the electrode with locations relative to the 
middle. Particles with the least amount of neighboring particles were selected for these 
measurements to minimize any potential particle shielding effects, although this was 
insignificant for the twenty-nine particles analyzed in the MPD electrode. The computed volume 
measurements for these particles are presented in Figure 4.20. The volume expansions (%) 
during CL1-lithiation, blue circular data points, for each of the different particles with respect to 
the distance from the top of the electrode in microns are plotted. Table 4.2 gives the specific 
volume measurement values for both lithiation and delithiation for each particle. For the Sn 
particle 88 μm from the separator, the volume expansion was calculated to be 226%. The next 
particle yielded a higher volume expansion of 253% but a decrease in volume expansion was 
observed until 1398 μm from the separator. For a distance of 1780 μm from the separator, the 
volume expansion is 273%, the largest volume increase of all particles due to the availability of 
Li
+
 diffusion around and penetrating the electrode from the bottom. After the battery cell was 
delithiated by 25%, measured volume reductions ranged between 23-55% (the red diamond data 
points). As seen from the Si-based electrode measurements discussed in Section 3.2 (Figure 
3.8), the further the Li
+
 travel, the smaller the volume expansion of the host particles, except near 
the edges of the electrode where Li
+
 had less of a path to travel for the diffusion reaction.   
Table 4.2 Volume expansion of Sn particles at different distances from the separator 
Distance (μm) Volume Expansion (%) Volume Reduction (%) 
88 226 23 
373 253 24 
461 234 30 
816 212 30 
1251 199 30 
1398 197 26 
1780 273 55 
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Figure 4.19 Locations of the seven selected particles from the LPD electrode for volume 
measurements. 
 
Figure 4.20 Volume expansion measurements for seven particles throughout the LPD electrode, 
as a function of distance from the top of the electrode for each lithiation step. The error bars 
represent a threshold variation of ±10 to overestimate any error in determining the threshold 
value. Particle numbers are located at top of figure while distance at the bottom (x-axis). 
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5. CHAPTER 5: TIN WIRE ELECTRODE        
Earlier chapters discussed the study of the evolution of high capacity Si and Sn composite 
electrodes as a function of lithiation and delithiation. Particles ranging in size between 1-250 μm 
were studied both globally (electrode level) and locally (particle level), and showed Si particles 
severely damaged in comparison to Sn particle surface cracking.  In this part of the effort, a Sn 
wire (250 μm, Sigma Aldrich) is studied, acting directly as a cathode to allow direct observation 
of the cracking procedure in Sn during lithiation. The wire preparation was discussed in 
Subsection 2.1.2 along with the surface profiles before and after straightening the wire. 
Implementation of a wire electrode allowed direct contact with the current collector so 
conductivity and lithiation were not a problem (issues that were observed for lithiation of one to 
a handful of host particles via electrode composite binder or steel tip with conductive epoxy). For 
the wire evolution due to lithiation, each Sn wire was cut into 5 mm sections. The wire was then 
clamped in place with a folded piece of copper foil using the bottom current collector of the R-
LIB cell. Approximately 1.5-2 mm of the wire was clamped in place while the rest was visible 
and observed via X-ray microCT imaging. This chapter covers the lithiation progression and 
evolution of the Sn wire electrode in the R-LIB cell. In addition, relaxation effects are discussed 
for differing amounts of lithiation. 
 
5.1 Lithiation Progression 
As previously done with the Si and Sn-based composite electrodes, lithiation by steps 
was used in combination with X-ray microCT imaging after each step. However, one significant 
difference was that for the Sn wires, in situ lithiation was done using the portable potentiostat 
specified in Section 2.3 (Figure 2.8) along with the R-LIB setup (Figure 2.12). Additionally, not 
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only was 3D data acquired, but time-lapsed 2D radiographs were taken from the side, allowing 
uninterrupted image acquisition during testing (also described in Subsection 2.4.1). The analysis 
of a Sn wire representative of all tests, shown in Figure 5.1, is presented in the upcoming 
Subsections. In the raw 2D radiograph of Figure 5.1, the Sn wire was placed within the R-LIB 
cell and surrounded by liquid electrolyte. A holder made of Teflon was placed at the wire tip 
(faint gray upside down L-shape) to help as a guide for the wire as the wire deformed, while the 
current collector clamped down both holder and wire. The left image shows all the components 
labeled appropriately and also provides the angle of view for the time-lapse 2D radiographs 
taken at 4x magnification resulting in resolution of 4.5 μm/pixel. The red dotted box in the 
figure, a close up of which is shown in the right, marks the volume scanned in 3D at 10x 
magnification. The final scan settings were chosen based on an effort to balance image quality 
with scan time. One image was taken at each degree increment for 360° to yield a faster scan 
time. The exposure time, source voltage, and power were increased to 6 s, 80 keV, and 10 W, 
respectively, to better the imaging quality. The combination of these settings resulted in a scan 
time of 55 minutes and allowed sufficient 3D analysis and characterization.  
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Figure 5.1 Radiograph image of virgin Sn wire within the R-LIB. Wire was clamped by current 
collector and guided by a Teflon L-shaped piece (gray in image). Image on left is the 4x 
magnification radiograph and the dotted red box shows the 10x magnification radiograph of the 
3D scanned region.   
 
A C/60 rate (theoretically 60 h to lithiate and delithiate) was used and the applied current 
was determined based on the cut wire height of 5 mm because postmortem SEM images revealed 
that the entire wire, including the clamped part, lithiated. The wire in Figure 5.1 had a total 
height of ~4.8 mm with an exposed height of 2.9 mm and clamped region of 1.9 mm, resulting in 
an applied current of 29.76 μA (using the average measured radius of 128 μm). Figure 5.2 shows 
the entire first cycle progression where current (red curve) and voltage (black curve) are plotted 
against test time in hours. The black boxes are the test step values where step 0 was prior to 
testing. The first half cycle of lithiation was carried out in a step sequence (steps 0-6) up until 
65% of the theoretical capacity of the Sn wire was achieved. Delithiation followed (steps 6-8) 
until a limiting voltage of 1.5 V was reached. During each 3D scan, which took about 45 mins, at 
the boxed step locations in Figure 5.2, the capacity was set to 0 μA to prevent any further 
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reactions from occurring and the Vwe (working electrode voltage) increased slightly due to the 
potential equilibrating, an occurrence also seen in the composite electrodes in the previous 
chapters.  
 
Figure 5.2 Current (red curve) and Voltage (black curve) against time (hr or h) for Sn wire 
presented in this chapter. Boxed number locations show the scan step acquisitions beginning 
with the original as step 0. A C/60 rate was used here with a wire height of ~4.8 mm. 
 
With knowledge of the wire dimensions and density, the active material mass was 
determined to enable the measurement of specific capacity. Figure 5.3 shows the voltage vs. 
specific capacity profile, where, during the first half cycle of lithiation (black solid curve), scans 
were performed after 9 h (148 mAh/g), 12 h (197 mAh/g), 16 h (263 mAh/g), 20 h (327 mAh/g), 
23 h (377 mAh/g), and 26 h (426 mAh/g) of applied lithiation (the horizontal axis here being 
capacity and does not include resting scan times which were included in Figure 5.2 in the x-
axis). The times at which to interrupt lithiation for a 3D scan were decided based on preliminary 
experiments which gave an idea of when a core-shell was visible in the wire and when severe 
cracking would occur within the wire. From the initial tests of wire lithiation to full capacity, the 
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Sn wire broke in half when fully lithiated, so only partial lithiation was then performed for the 
remaining experiments in order to avoid complete failure. After lithiation to 65% of total 
capacity, delithiation (dashed red line) followed, marked as 0 h, and scans were taken after 7 h 
(295 mAh/g) and 11 h (253 mAh/g) of delithiation. The 3D scan taken after 26 h of lithiation is 
the same as the one at 0 h of delithiation.  
 
Figure 5.3 Voltage versus specific capacity of Sn wire electrode. Time stamps show the total 
amount of lithiation (black solid curve) or delithiation (red dashed curve) minus the rest time. 
 
5.1.1 Time-Lapse Evolution: 2D Radiographs 
As mentioned before, the lithiation process was not interrupted in the acquisition of the 
time-lapse 2D radiographs of the Sn wire evolution, but it was interrupted for the 3D scans. An 
example of time-lapse 2D radiograph acquisition was shown in Figure 2.14 for lithiation of a 
similar Sn wire. For the wire discussed here, 2D radiographs were obtained using the 4x 
magnification lens, ~4.5 μm/pixel, every 30 min during the lithiation/delithiation process at an 
exposure time of 6 s. Selected images are shown with the time of lithiation (black boxed images) 
or delithiation (red boxed images) in Figure 5.4. Twelve images are shown for the lithiation 
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process while four are shown for the delithiation process. In agreement with other experiments, 
the Sn wire did not change volume or expand until ~6 h. The beginning of visible wire growth 
occurred when 0.405 V, or 95 mAh/g, was reached, which was the start of the second plateau 
seen in the voltage-specific capacity profile (Figure 5.3). Bubbles started forming beneath the 
Teflon guide after 2 h of lithiation (2 h time not shown here), an example of which is denoted 
with a black arrow in the 6 h image (Figure 5.4). A semi-transparent red image of the original Sn 
wire at 0 h is embedded onto each time-stamped image for reference. After 7 h of lithiation, the 
wire continued to grow in the vertical direction and a change on the surface of the wire became 
noticeable after 9 h of lithiation, seen as a lighter edge. The wire developed a wavy surface 
profile throughout the length, grew vertically, and acquired a lighter surface density after 12 h of 
lithiation. As lithiation continued to 18 h, the different core and alloyed shell phases became 
more distinct with cracking on the surface and regions within the inner core of the wire 
becoming lighter in color. At 20 h of lithiation, the wire noticeably formed cracks within the core 
(indicated with black arrows) and started curving to the upper left region of the image. The same 
evolution trend was observed until 26 h of lithiation, where the wire growth and elongation, as 
well as internal cracking within the wire, were clearly seen. It was at this point that the 26 h of 
lithiation became 0 h of delithiation since lithiation had stopped and delithiation had begun. As 
the wire delithiated to 4 h, the crack profiles on the surface and within the core became more 
distinct. This same trend continued until 11 h of delithiation, where an additional three cracks 
formed in the wire interior (these and previous cracks are marked with red arrows) and the wire 
length retracted by a small amount. The 2D radiograph images revealed that a significant amount 
of additional surface, and volume, cracking in the core-shell situation occurred during 
delithiation. 
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Figure 5.4 2D radiographs of Sn wire evolution during lithiation (black boxed images) and 
delithiation (red boxed images) at different time locations. Arrows shows bubble formation and 
cracking from lithiation and delithiation. Original wire colored in translucent red on each figure 
to reference original height.  
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5.1.2 3D Visualizations and Evolution  
In addition to the time-lapse 2D radiograph acquisitions, 3D volumetric data was 
acquired at different times as mentioned earlier and shown in Figure 5.2 and Figure 5.3. All 
subsequent scans were reconstructed with respect to the original wire, 0 h, and placed on a 
similar scale using CT byte scaling and visualized with phase characterization color mapping as 
described in Section 2.6 (red = Sn and blue = Li3.75Sn). However, unlike the Si and Sn 
electrodes, partial lithiation was applied for 26 h (out of 60 h) so the end state used here was after 
26 h. To better approximate the Li3.75Sn phase since the final lithiation state after 60 h was not 
obtained, the threshold particle edge intensity value was used as the highest level of lithiation 
with the lowest cut off as threshold particle edge intensity × 0.8 in which values lower than this 
would not be visualized. Values within this range were colored as blue (Li3.75Sn) and assumed 
the surface experienced complete lithiation. Figure 5.5 shows the 3D volume renderings at times 
of 0 h, 9 h, 12 h, 16 h, 20 h, 23 h, and 26 h of lithiation, and after 7 h and 11 h of delithiation. 
The top images for each timestamp show the external surface/volume while the ones below show 
an interior cross-section of the wire. These volume renderings were reconstructed from 10x 
magnification scans. The same approximate volume was scanned throughout all timestamps 
shown in Figure 5.1, but of course some material moved in and out of the FOV because of the 
wire growth in the vertical direction.  
At 0 h, the entire wire interior was Sn (red color) while the surface possessed a very faint 
yellow, an artifact from edge diffraction. The vertical bands on the wire surface were also visible 
and resulted from the extrusion manufacturing process of this wire (see Figure 2.5 - SEM of 
wire). The wire was deflected by a small amount and surface roughness began to emerge on the 
wire exterior after 9 h of lithiation. The cross-section view of the 9 h lithiated wire showed the 
 108 
formation of a small shell at the core-shell interface. Continued lithiation to 12 h resulted in 
distinct surface cracking and roughness all while the interior remained as the pure Sn phase. The 
shell thickness grew with a gradient color of orange to green, now visible in the cross-section 3D 
view. Significant changes in the wire microstructure occurred after 16 h of lithiation beginning 
with the formation of a faint light blue color on the surface and complete roughening of the 
surface (not as smooth and bright as the previous surface images). The interior cross-sectional 
image of the 16 h lithiated wire revealed cracks that formed within the Sn core, both marked with 
white arrows. Prior works discussed in the introduction suggested different locations for crack 
formation either at the surface, the core-shell interface, or the interior of the core. In this case, 
interior core failures were observed – failure locations that were not detected with the 2D 
radiographs. In addition, the Sn core also possessed a coarse interior in comparison to the 
previous time locations. Similar observations were seen for lithiated states of 20 h to 26 h with 
the formation of deep surface cracks, the appearance of blue phase at the most outer surface of 
the wire, an increase in the Li-Sn alloyed shell thickness, and the formation of multiple Sn core 
interior cracks as well as surface fracture. The surface fracture was caused due to the tensile 
stress state within the Li rich shell [22]. At the core-shell interface, a compressive stress field 
was present but the highly triaxial stress state promoted elongation, radial expansion, and interior 
core failure. The cross-sectioned images also reveal the interior Li intercalation phases. After 7 h 
of delithiation, the surface regained a green phase, ~Li1.8Sn, and the fracture features became 
more defined, caused by the extraction of Li
+
 and contraction of the wire. The interior of the wire 
also showed the regeneration of the Sn phase. The same observations were seen after 11 h of 
delithiation, but in the case of the Sn core, additional defects formed.  
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The entire wire never reached the maximum phase transformation of Li3.75Sn because 
lithiation was applied until 43% of the theoretical capacity. The average phase of the wire was 
estimated above Li1.8Sn, at approximately Li2.4Sn, but locally, the wire possessed different 
phases throughout the thickness. The core itself, in some locations, never experienced phase 
transformations as much as the surface. If the wire was lithiated to full capacity, a high Li-rich 
phase could have been achieved throughout the entire wire. This correlation gives confidence in 
the phase characterization determined with the achieved specific capacity.  
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Figure 5.5 3D rendered volumes of Sn wire at the different time locations. Top images show the 
outer surface while the bottom images show the interior cross-section. Color bar shows the 
estimated phases within the wire beginning with red as Sn.  
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5.1.3 Core-Shell Measurements 
In Figure 5.6, raw 2D images of the Sn wire at the slice location (x-y plane) of where an 
interior void formation occurred (16 h, bottom arrow, Figure 5.5) are shown along with the same 
timestamps as the 3D volume rendered images. The untested Sn wire started with the profile of 
the 0 h image and the formation of a small LixSn shell around the Sn core began after 9 h of 
lithiation. An arrow points to the phase boundary and a dotted blue line outlines half the wire 
circumference. Progressing to 12 h of lithiation, the shell thickness visibly grew and cracks 
emerged on the shell surface (two locations marked with arrows). It was not until 16 h of 
lithiation when the void nucleation emerged within the Sn core as a dark gray circular region 
(marked with an arrow). This void continued to grow throughout the rest of the applied lithiation 
until 26 h. The shell thickness grew between each image and many additional cracks formed on 
the surface and propagated through the shell, which resulted in a flaky surface. One significant 
instance of crack propagation happened between 0 h and 7 h of delithiation. At the 0 h of 
delithiation image, two yellow arrows mark locations of small surface cracks which propagated 
to the core-shell interface after 7 h of delithiation, also marked with two yellow arrows. After 11 
h of delithiation, the shell gained gray scale intensity, signaling the loss of Li
+
 and a shift back to 
the low LixSn phase, and contracted radially in comparison to the final state of 26 h of lithiation. 
The 2D slices revealed severe damage to the wire after 65% of the theoretical specific capacity 
and continued crack propagation during delithiation.  
To offer a cross-sectional account of the LixSn phase evolution from lithiation and 
delithiation, the same cross-sectional slices presented in Figure 5.6 are shown in Figure 5.7 with 
the color map representing the Li-Sn alloyed phases. The Sn wire first began with a red phase 
color as in Figure 5.5. As lithiation progressed, the formation of alloyed Li-Sn increasingly grew 
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with a decrease in Sn core phase. At 16 h of lithiation, the different phases from Sn to Li3.75Sn 
became apparent with high Li intercalation phase at the outer surface. Continued lithiation to 26 
h resulted in a small Sn core surrounded immediately by ~Li1.44Sn (yellow color), and varied 
linearly along the radial direction until the Li3.75Sn phase. After delithiation of the wire, the 
alloyed shell was seen to change phases from light blue to green (marked with a dashed circle), 
thus correlating with the overall brightening seen in the 2D images.  
 
Figure 5.6 2D slices of wire at different times of lithiation (black boxed images) and delithiation 
(red boxed images). The location of these slices is where the internal core void nucleation 
occurred (marked with white arrow – 16 h). 
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Figure 5.7 Cross-sectional slice views of the wire at different steps of lithiation (black boxed 
images) and delithiation (red boxed images) with LixSn phases. The location of these images is 
where the internal core void nucleation occurred (marked with white arrow – 16 h). 
 
 Using the 2D slices acquired from X-ray microCT, measurements were made using the 
combined TEDA and the 3D-OC analysis methods. As the Li-rich shell formed around the Sn 
core, the wire gray scale intensity decreased, a result previously seen for Si- and Sn-based 
electrodes. With knowledge of the initial state of the Sn wire, the TEDA was used to map out the 
wire edges throughout the height of the scanned 10x volume, where the threshold value 
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determined for the Sn wire was 174 (out of 255 gray scale intensity values). This same value was 
used for all subsequent scans to determine the profile of the remaining Sn phase within the wire. 
From the TEDA and 3D-OC, the volumes were determined and the average radius of the wire 
was extracted. To determine the average Li shell thickness that formed with each lithiation step, 
TEDA and 3D-OC was used in conjunction with user-defined thresholds for determining the 
edge profiles with accuracy. These results had only a 5% difference compared to measurements 
made manually for the Li shell thickness, even at high lithiation levels. The final results are 
presented in Figure 5.8 where the Li shell thickness (black circles, left y-axis) and Sn core radius 
(red triangles, right y-axis) are plotted against the total combined lithiation and delithiation time, 
i.e., delithiation time added after 26 h of lithiation. The error bars represent one standard 
deviation within each measurement. As expected the starting Sn core radius was measured at 128 
μm while the Li shell had yet to form. As lithiation progressed, the Li shell thickness increased 
linearly while the Sn core radius decreased linearly until 26 h of lithiation. Beyond 20 h of 
lithiation, the error bars increased in size due to the large variation of the Li shell, as seen in 
Figure 5.6. A maximum Li shell thickness of 100 μm was achieved at 26 h while the Sn core 
decreased to 47 μm, a total radial expansion of 15% from the initial Sn radius value. Delithiation 
of 7 h and 11 h, in the plot marked at times of 33 h and 37 h, led to a decrease in the Li shell 
thickness to ~95 μm while the Sn core radius continued to decrease to 38 and 36 μm after 33 h 
and 37 h (7 h and 11 h delithiation), respectively.  
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Figure 5.8 Sn core radius (red triangles) and lithium shell thickness (black circles) versus total 
lithiation/delithiation time. Error bars are the standard deviations.  
 
5.1.4 Axial Strain Resulting from Lithiation 
Another set of measurements was acquired through the use of the time-lapse 2D 
radiographs. The vertical elongation of the wire was measured up to 23 h of lithiation and 
compared with the original height. The original height, taken as the visible height on the 2D 
radiograph with the origin at the current collector base, was specified earlier as 3.2 mm. With 
each radiograph acquisition every 30 min, a new wire height was measured and the difference 
was used to acquire axial strain. The axial strain is plotted against lithiation time up to 23 h and 
is shown in Figure 5.9. The wire initially experienced no change in length during the first 6 h of 
lithiation, but then the vertical axial strain then increased linearly with lithiation time. A linear fit 
was applied to the strain data to reveal a slope of 0.0192 h
-1
. The strain rate was also measured 
and is shown in Figure 5.9 (b). The average strain rate, after 6 h of lithiation, was 5e-6 s
-1
, a 
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value in agreement with the slope acquired from Figure 5.9 (a). This strain rate was also 
observed in other Sn wire C/60 rate lithiation tests, with the greatest difference in value being 
0.0185 h
-1
. Mechanically, this strain rate is very slow and considered to be a creep deformation 
rate. Investigation of the creep mechanical response of Sn is discussed with suggested future 
work in the Conclusions chapter. 
 
            (a)       (b) 
Figure 5.9 Measured (a) axial strain and (b) axial strain rate vs. lithiation time. Slope of strain-
time plot is the strain rate and shown as the dotted line in the strain rate plot. 
 
5.1.5 X-ray and SEM Images at 20 Hour Lithiation  
 For another 20 h lithiated wire, the cross-section was broken in half to allow observation 
within the interior of the wire using X-ray tomography and SEM for comparison. First, 3D 
volume renderings are depicted in Figure 5.10. The 3D reconstructions of this wire were done 
with respect to that of the virgin wire and allowed phase tracking within the wire as it underwent 
lithiation. The first of three different volume renderings is presented in Figure 5.10 (a) where the 
entire scanned volume of the wire near the broken cross-section showed an external highly 
lithiated phase with surface cracking (color bar below images). A portion of the Sn core was 
extruded at the top of the cross-section, noted with a small amount of red. Two voids were 
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observed (marked with white arrows) in Figure 5.10 (b) and many edge kinks were created (the 
dotted circles) that exemplifies the areas of deformation resultant from the deformed core shell 
interface. In Figure 5.10 (c), a transparency was applied to the LixSn shell to allow the 
visualization of the Sn core volume.  
 
 
Figure 5.10 3D volume rendering of lithiated Sn wire showing (a) entire volume, (b) interior 
wire cross-section, and (c) the Sn core with LixSn shell transparent. Arrows point out void 
locations and dotted circles mark edge kinks.   
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 The SEM was used to acquire more detail of the cross-section for the lithiated Sn wire. 
Figure 5.11 contains SEM images from both sides of the lithiated wire cross-section. The cross-
section from one of two broken lithiated wire pieces is shown in Figure 5.11 (a) which is the 
same piece scanned in Figure 5.10. This was termed the top lithiated wire piece, while Figure 
5.11 (b) contained the corresponding bottom piece. For the top piece, it is clearly seen that a 
LixSn shell with an exterior flaky surface surrounded the Sn core. The zoomed-in image at the Sn 
core and shell boundary clearly showed partial interfacial debonding (marked by a white arrow). 
Within the shell, two phases appeared on the fracture surface with light and dark gray regions. 
These regions are marked with a yellow dotted line to outline the LixSn shell phase boundary. 
These two phases within the shell were closely related to the colored phases from the interior of 
the lithiated Sn wire shown in Figure 5.10 (b). The light gray shell of 15 μm thickness from the 
SEM image correlated with the thin yellow phase surrounding the Sn core, also ~15μm, while 
the darker gray shell corresponded with the green to light blue region. Moving towards the 
exterior surface the flakes correlated with the dark blue color phase in the 3D images, which 
were characterized as the Li3.75Sn phase. Looking at the other end of the cross-section in Figure 
5.11 (b), or the bottom wire piece, the shell contained a similar profile to the top piece. To 
differentiate the boundary between core and shell, the core is outlined with a dotted white line 
within the zoomed-in image. The different phases within the alloyed shell were also seen in this 
piece, demonstrating consistency with SEM and X-ray imaging.  
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Figure 5.11 SEM images of lithiated Sn wire cut near the middle of the length with (a) top piece 
and (b) bottom piece with enhanced images. 
 
5.2  Sn Wire Relaxation  
 The above wire studies give a detailed account of the lithiation and delithiation effects on 
the evolution of the Sn wire. Another electrochemical response of interest was that of the 
relaxation effects, i.e., no applied current, after a certain amount of lithiation was applied to the 
Sn wire. For these relaxation studies, a faster C-rate, C/40, was used to help mitigate a portion of 
the creep response and the Teflon wire holder was not placed within the R-LIB cell, enabling the 
wire to move freely.  Two different lengths of lithiation time were applied to the wire: one with 
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12 h and another with 9 h lithiation. These amounts were determined based on time instances 
that allowed comparison between lithiated wires with cracking in the core and without, termed 
damaged and undamaged wire.  
 
5.2.1 Relaxation of Damaged vs. Undamaged Core 
 The first wire discussed here was lithiated for 12 h at a C/40 rate and resulted in a final 
wire profile with curvature and cracking at the surface and Sn core interior. Time-lapse 2D 
radiographs images and 3D scans were taken and shown at different times of significance. 
Figure 5.12 shows raw 2D radiographs taken at 4x magnification (4.45 μm/pixel) of the Sn wire 
at (a) 0° and (b) 90° of the X-ray microCT stage position. The unlithiated and lithiated images 
are outlined with black and relaxation images are outlined with blue. To assist with visualization 
purposes, a light red profile of the 12 h lithiated wire was placed on each radiograph image for 
reference. At 0 h, the Sn wire was completely vertical with an exposed height of 2.76 mm while 
~2.24 mm was clamped between the grips. Upon lithiation to 12 h, with an achieved capacity of 
291 mAh/g, the wire grew with curvature seen in both image angles. This curvature resultant of 
lithiation was much more than the wire with the Teflon guide. Lithiation of the wire resulted in a 
strain extension value of 31% for the 90° image and 14% for the 0° image. Arrows marked on 
the images point out the wire growth pattern. Following a relaxation (R) time of 0.5 days (d) or R 
= 0.5 d, the wire was seen to expand by an additional 8% in the 0° radiograph image while the 
90° image showed the wire shift vertically and extend by 2.6%. The wire continued to shift in the 
direction marked with arrows after 9 d of relaxation and continued this through 18 d of 
relaxation. In its final state, the wire was measured to have extended by 7% in the 0° image and 
14% in the 90° image with respect to the 12 h lithiated state.  
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Figure 5.12 Raw 2D radiographs of 12 h lithiated (L-12 h, black boxed images) wire followed 
by relaxation (R, blue boxed images). Images in group (a) show radiographs taken at 0° (stage 
controller specification) and (b) at 90°. Wire profile at 12 h of lithiation is placed on each image 
for reference (light red profile).  
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 At each time analyzed and referenced in Figure 5.12, 3D scans at 10x magnification 
(1.76 μm/pixel) were also acquired. The local phase characterization procedure described in 
Section 2.6 was used for this wire allowing a detailed and representative evaluation of the 
different phases within the wire. As mentioned earlier, the end state used here was after 12 h of 
lithiation. The threshold particle edge intensity value was used as the highest level of lithiation 
with the lowest cut off as threshold particle edge intensity × 0.8 in which values lower than this 
would not be visualized. This estimation assumed the surface of the wire was lithiated to full 
amount prior to the interior. Figure 5.13 shows the 3D volume rendered images with the Li 
intercalation phase below. The wire, as seen before, began in the Sn red phase with a light yellow 
color on the surface due to X-ray edge diffraction. The phase on the surface became Li3.75Sn 
represented as a blue color. The formation of surface roughness and cracks was also visible. In 
the sliced 3D image of the 12 h of lithiation state, the Sn core remained partially unlithiated but 
developed many cracks within the core due to the significant curvature of the elongated wire. 
Half of the wire is not shown in the figure because it moved out of plane as it was lithiated. The 
Sn core became smaller and a new surrounding phase of ~Li1.44Sn formed and progressed to the 
surface phase of the wire which decreased to ~Li2.8Sn after a relaxation of 12 h. Following 9 d of 
relaxation, the wire continued to lose Li content on the surface and appeared as ~Li2.1Sn. The 
core gained Li content as phases were redistributed throughout. The same type of behavior was 
seen for the wire after 18 d of relaxation. The phase alterations globally were seen to change as 
the wire, with no current applied, restructured LixSn phases. This was evident of Li diffusion and 
other continuing reactions despite a lack of applied current. Significant changes within the wire 
occurred after 12 h of relaxation, but noticeable changes were observed after 6 h (not shown 
here).   
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Figure 5.13 Sn wire relaxation after 12 h of lithiation with 3D volume rendered images at 
different time stamps showing full and half the wire cross-section. Black outlined images are rest 
and lithiated states while blue outlined images represent wire during relaxation. Dotted line is the 
location of 2D cross-sectional slice views in next figure.  
 
 For better visualization of the reaction at the Sn core from lithiation and relaxation, 
Figure 5.14 offers a detailed account of the through-diameter 2D slice images and phase 
characterized 3D cropped images at the locations marked with a dotted white line in Figure 5.13. 
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The top images are the raw 2D slice cross-sections while the representative surfaces in 3D are 
below. These 3D images contain no rendered shading effects and the sides of the wire can be 
seen easily. As expected, the Sn core possessed a bright white gray scale value and was 
characterized as a red phase in the 3D image. The light false diffraction boundary is also visible 
in the 3D image. Upon lithiation to 12 h, the 2D slice image showed a highly cracked alloyed 
shell in which the 3D images characterized the bulk of this shell as Li1.8Sn surrounding the Sn 
core. A crack was also observed at the core-shell interface. The surface of the wire was the 
highest phase of Li intercalation, represented in blue. The characterized core profile compared 
well with the 2D slice image. After 0.5 d of relaxation, the Sn core decreased in size and the 
areas surrounding the core began to alloy with Li, resulting in a LixSn phase in the range of x = 0 
– 1.5. The core continued to react with Li following 9 d of relaxation and the phases within the 
core visibly changed both in the 2D slice and 3D images. The other observation was the shift 
from blue to light blue and green phases at the outer wire surface because the cracks that formed 
from lithiation became more defined and full-grown. The wire changed slightly after 18 d of 
relaxation via inner wire phase shifts but maintained the majority of the prior characteristics. The 
initiation of cracks through the Li-Sn alloyed shell and the Sn core during lithiation most 
probably allowed additional paths for Li diffusion and other phase distribution effects, leading to 
additional crack formation throughout the wire. 
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Figure 5.14 2D through-diameter slice views (top) and phase mapped images from 3D volume 
renderings (bottom) of Sn wire after 12 h lithiation with relaxation 
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 The other tested wire of interest was the Sn wire subjected to 9 h of lithiation at a C/40 
rate resulting in damage at the wire surface, or Li-Sn alloyed shell, but no cracking within the 
core. Figure 5.15 shows the test progression at different times with 2D radiograph images 
acquired via X-ray microCT with 4x magnification lens (same as other relaxation test). Although 
many radiographs were taken at several locations in time, these are shown to give the overall 
behavior of the wire. The original exposed wire length was 2.8 mm. After 9 h of lithiation, the 
wire experienced elongation by ~17% along with some formed curvature (not as much as the 12 
h lithiated wire). As the wire was allowed to relax for 6 h, or 0.25 d, the wire grew by an 
additional 1.7%, which is visible in the difference between the red overlaid wire and the wire at 
R - 0.25 d. Continued relaxation to 7 d resulted in a the wire contracting by 0.8% along with a 
directional shift marked with a black arrow. The wire experienced additional shift towards the 
left of the image after 11 d of relaxation but no further length change occurred.  
 
 
Figure 5.15 2D radiograph images of Sn wire lithiated for 9 h (black border) and relaxed for 11 
d. The lithiated wire was overlaid on the relaxation images (blue border) in red. 
 
 3D visualizations with phase characterization were also done for this 9 h lithiated wire 
with relaxation at the same time locations shown in Figure 5.15. 3D scans were acquired with 
similar parameters as the 12 h lithiation with relaxation test. Lithiation and relaxation effects of 
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the Sn wire are presented as 3D volume rendered images with a phase characterization map of Li 
content applied in Figure 5.16. The Sn wire, at 0 h, was exactly as expected with the edge 
diffraction artifact at the surface of the wire. After 9 h of lithiation, the surface of the wire 
reacted with Li and formed an average Li2.7Sn phase along with the initiation of small surface 
cracks. Within the wire, the Sn core was encased by an alloyed shell of Li but no cracks within 
the core were visible. The wire was allowed to relax for 0.25 d and the outer shell formed 
additional cracks throughout the surface, but within the sliced 3D image, none pierced the Sn 
core. This behavior, as well as the Li-Sn shell decreasing in thickness, was consistent until 11 d 
of relaxation. 
  In comparison to the latter case, the damaged wire recovered more of its geometrical 
shape but allowed continued diffusion leading to a decrease in the Sn core diameter until the 
phases were in equilibrium at a relaxation time between 9 d to 18 d. The undamaged wire that 
experienced 9 h of lithiation did not undergo significant geometrical recovery but did shift 
phases near Li-Sn shell thus decreasing the overall shell thickness with relaxation. Additional 
wire length extension resultant of relaxation of the undamaged wire, 1.7%, was significantly less 
than that of the damaged wire, 14%. The presence of cracks through the surface and core in the 
damaged wire created paths for Li diffusion and other phase distribution effects during 
relaxation (Figure 5.14), thus creating additional core and surface crack formation. The latter 
case, undamaged wire, revealed that the absence of severe cracking led only to Li extraction and 
phase redistribution within the shell which led to a decrease in shell thickness. The surface 
behaviors for both cases were consistent such that both seemed to shift phases, i.e., highly 
lithiated phase Li3.75Sn decreasing to less lithiated phase ~Li1.8Sn, and form additional cracks at 
the surface. Overall the relaxation mechanism for both wire conditions was seen to be significant 
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at a time around 6 h. In the case of all prior tested electrodes, 3D X-ray microCT scans took at 
most 2 h, which is the length of time where minimal relaxation effects occur. It would be of 
interest to extend the wire characterization and visualizations to diffusion evolution using Fick’s 
second law and the following relation for a wire geometry,  
 
  
 t
   
 
 
 
 r
 
 
 
r
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   ( 5.1 ) 
where c is the concentration, t is the time, r is the position, and D is the diffusion coefficient 
[50]. The concentration is a function of position and time, where c = c (r, t). If the assumption is 
made that Equation 5.1 controls the diffusion of Li+, an estimation of D may be achievable from 
the phase characterization in Figure 5.7 in combination with experimentally determined core and 
shell thickness measurements from Figure 5.8. This would also necessitate knowledge of the 
local concentration which would be an estimate only. In the future, however, if the relation can 
be made between the results of Figure 5.8 and precise phase identification, then measurements 
of D could be possible. 
 In relation back to the active to inactive Sn particle evolution in Figure 4.12, these 
relaxation tests showed continued growth and phase change depending on the extent of damage 
of the wire. Similarly to the highly damaged Sn particle, a change in volume was observed after 
the second lithiation cycle but minimal phase change. As demonstrated for the damaged wire, 
more paths for diffusion and continued reaction processes were created with the existence of 
cracks. For the Sn particle, it may have been the case that the particle debonded from the 
polymer composite binder hence allowing the particle to undergo localized relaxation which led 
to continued particle evolution but minimal phase change.  
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Figure 5.16 3D volume rendered images of 9 h lithiated wire with relaxation. Top image shows 
scanned wire and bottom shows half the wire cross-section. Color map represents estimated Li 
intercalation phases. 
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6. CHAPTER 6: CONCLUSIONS AND FUTURE WORK     
 This work presented an investigation of the microstructural evolution of high capacity 
host materials for anode electrodes in lithium ion batteries (LIBs), more specifically Si- and Sn-
based electrodes. With use of X-ray microCT imaging, different failure mechanisms were 
captured and a phase characterization procedure for global and local imaging was produced 
based on 3D volumetric renderings from reconstructed datasets. In-house codes were developed, 
specifically the threshold edge detect algorithm (TEDA), and used in conjunction with ImageJ’s 
3D object counter (3D-OC) and Amira visualization software to gather LixSn phase mapping, 
analyses, and 3D measurements.  
 The conclusions of this work are discussed below in two sections. The first section covers 
the results from the Si- and Sn-based particle and wire electrode evolution during the first critical 
cycles of galvanostatic cycling with potential limitation (GCPL) (Chapters 3, 4, and 5). The 
second section covers recent work accomplished with suggestions for future work in this field.   
 
6.1 Evolution and Characterization of High Capacity Si and Sn Host Materials 
 The overall goal of this dissertation work was to characterize global and local Li 
diffusion and failure progression in high capacity anode materials during the beginning critical 
cycles of LIB cycling using 3D imaging techniques. The first objective in this work was to 
determine the failure mechanisms of Sn and Si host materials and identify where fracture first 
occurred. This was accomplished by utilizing 3D X-ray microCT imaging using combined 
analysis methods of TEDA, 3D-OC, and Amira. From lithiation applied by steps throughout the 
first half cycle, different failure mechanisms were observed and their evolution was resolved 
(Chapters 3, 4, and 5). The main findings are:   
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i. Si particles grew surface cracks between 25% and 50% of applied lithiation with 
inward propagation. Upon full lithiation to 100%, essentially all Si particles 
experienced significant volume expansion, up to 290%, with massive fragmentation 
leading to significant density changes.  
ii. The platelet shape and sizes of Si particles, in addition to Li intercalation, resulted in 
crack opening at the surface due to tensile stress formation within the initial Li shell 
formation followed by particle fragmentation with increased Li content. 
iii. Crack initiation of the ellipsoidal Sn particles began at the surface with propagation 
towards the inner core. Upon 100% lithiation, many radial cracks propagated through 
the particles.  
iv. Pre-exiting internal defects, or voids, within Sn particles (of which there were very 
few throughout tested electrodes) did not appear to have an influence on crack 
initiation during Li diffusion in the configuration tested here. With the volumetric 
expansions and the lithiation levels seen here, even in particles with internal voids, 
cracks initiated at the surface and propagated directly to the internal defects (Figure 
4.10). It is possible that the stress field experienced here was such that cracking and 
growth from the void were not promoted. However under other circumstances with a 
more favorable stress field, the effects of internal voids on failure might be more 
pronounced.  
v. For the Sn wire, two different fracture locations were observed simultaneously, at the 
Li shell surface and within the Sn core interior. The emergence of interior core failure 
stemmed from triaxial stresses caused from elongation and radial expansion of the 
wire.  
 132 
 The second objective of this work was to establish Li diffusion and intercalation phases, 
LixSn/Si where 0 ≤ x ≤ 3.75 (at room temperature) within the host materials. These phase 
characterizations were created using TEDA, 3D-OC, and Amira and validated using SEM and X-
ray microCT 2D slice imaging (Chapters 3, 4, and 5). The main takeaways in relation to this 
objective were: 
i. Two phase mapping procedures were made, a global electrode visualization and a 
local particle/wire representation, and revealed detailed characterization of Li content 
within the host particles as lithiation/delithiation ensued.  
ii. Global visualizations showed that the lithiated phases, on average, related closely to 
the achieved specific capacity, but locally, select particles demonstrated a higher 
lithiated state than that described globally, which was determined using localized 
phase characterization.  
iii. Global visualizations revealed height dependency on the degree of lithiation of the 
composite electrodes tested, where particles closer to the counter electrode obtained 
higher phases of Li content.   
iv. For the Sn wire, the Li diffusion was seen to take the form of the core-shell prior to Sn 
core fracture. 
 
 The third objective of this work was to identify Si/Sn particle functionality. From the 
analysis and visualizations of the host particles globally and locally, different behaviors of 
particles were observed and selected for detailed analysis (Chapters 3, 4, and 5). The main results 
addressing this were:  
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i. Host particles within electrodes were characterized into three categories based on their 
microstructural evolution: inactive, partially active, and fully active particles. 
ii. In all electrodes tested, the inactive particles with limited or no lithiation represented 
less than 5% of the total. 
iii. Both Si and Sn electrodes showed inactive particles beginning at and beyond ~1 mm 
height from the top of the electrode.  
iv. Lithiated states of partially active particles were characterized with Li content greater 
than 50% but not complete lithiation. 
v. Active particles larger than 55 μm (diameter) were limited to volume expansion of 
~220%, indicating that larger particles expanded less than smaller ones.   
vi. The global change in gray scale intensity reversibility related closely to the amount of 
battery reversibility (~27% during delithiation), but local lithiation and functionality of 
a particle was found to be dependent on the local ΔGSI.  
vii. A few percent of active particles during the first cycle were seen to become inactive 
during the second cycle lithiation, contributing to capacity fade. 
 
 The next main area of study focused on defining how different amounts of lithiation and 
local damage affected the relaxation response of Sn. A wire electrode configuration allowed a 
highly localized and detailed account of Li diffusion within a controlled environment, enabling 
the analysis of many aspects of evolution (Chapter 5). The main findings were:  
i. For all wires tested (C/60 rate), volumetric changes were not observed until after 6 h 
of lithiation. After this time, the wire grew in length at a constraint strain rate of 10
-6
 s
-
1
.  
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ii. The Li-shell thickness showed a linear increase while the Sn core radius decreased 
linearly between 6 h and 26 h of lithiation. 
iii. Additional surface and interior crack formation occurred during delithiation. 
iv. Damaged wire, i.e., surface and interior core cracking, resulted in a relaxation 
mechanism such that the geometrical shape was partially recovered but experienced 
continued Li diffusion which led to a decrease in Sn core diameter until phases were in 
equilibrium at a relaxation time between 9-18 days. 
v. The undamaged wire, i.e., cracking only on surface, did not undergo significant 
geometrical recovery but did experience a decrease in Li-rich shell thickness with 
relaxation. 
vi. The presence of cracks through the shell and core in the damaged wire, and in 
particles, created paths for additional Li diffusion during relaxation, thus creating 
added core and surface crack formation. 
 
6.2 Suggested Future Work 
6.2.1 Mechanical Testing of Sn Wire – Virgin and Lithiated 
 It was shown in Chapter 5 that the strain rate of Sn wire as it was being lithiated was 10
-6
 
s
-1
. This type of creep strain rate relates to the ability of a material to deform slowly and/or relax 
under applied load. Mechanical testing was done to determine the properties of virgin Sn wire 
under tensile load using the strain rate observed during lithiation, 10
-6
 s
-1
,
 
in an effort to relate the 
wire evolution and void formation. This work, not fully completed here, is a promising avenue of 
exploration. A brief overview of work that has already been done in this area is given here, along 
with suggested directions for future work. 
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 Figure 6.1 (a) shows the tensile test apparatus that was placed under a stereo optical 
microscope (stereoscope) for imaging during mechanical testing. The design of the apparatus 
followed that of past work for testing platinum (Pt) thin films, and conducting full-field strain 
measurements using the digital image correlation (DIC) method [80-82]. The apparatus 
incorporated a picomotor actuator (Newport) with 30 nm displacement resolution, but 
accommodating slow displacement rates: 10
-6
 s
-1
 in this case. The picomotor was placed against 
a spring-loaded horizontal translation stage thus creating the platform for applying force in the x-
axis (force direction marked with arrow in the figure). On the other end of the apparatus, a 3-axis 
alignment mount was used to position the sample in the y- or z-directions with rotation. A 10 lb 
load cell was attached to the alignment mount and an L-shaped grip with a wide base mount was 
screwed onto the load cell. A close up image of the virgin Sn wire and grips are shown in Figure 
6.1. 
 
Figure 6.1 (a) Microscale tensile testing apparatus with all components labeled, and (b) 
enhanced image of Sn wire mounting on grips. 
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The results for the tensile testing of several virgin Sn wires are given in Figure 6.2 with a 
smaller plot of the elastic region to right hand side of the main figure. Strain was computed via 
Digital Image Correlation (DIC) method by correlating a small FOV on metal tabs that the wire 
was gripped onto and computing the overall average crosshead displacement for each image 
acquired. A cross-sectional wire gage length of 6 mm was used in order to achieve the desired 
strain rate, a rate which was confirmed using the DIC measured crosshead displacements with 
time. The failure strain of tested Sn wires exhibited a wide range of values between 8-30% strain, 
while the average maximum stress was 7.2 ± 0.96 MPa. The measured average yield stress was 
3.1 ± 0.9 MPa with an average elastic modulus of 6 ± 1.95 GPa within the strain region of 
0.08%, a value significantly lower, likely because of creep conditions, than the literature reported 
value of bulk Sn at ~51 GPa.  
 
Figure 6.2 Virgin Sn wire stress-strain (mm/mm) results for 10
-6
 s
-1
 strain rate with small image 
on right slowing elastic region within 0.08% strain.  
  
 Figure 6.3 shows 3D volume renderings both of the entire volume and an internal cross-
section of the Sn wire (a) prior to testing, and (b) after tensile testing in the vicinity of the failure 
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cross-section (neck). The full volumetric surface profile is first shown for the virgin wire and the 
interior showed no voids within the limitations of the length scale of the imaging technique used. 
Again the wire is false colored with a physics color map such that the red color corresponds to 
pure Sn. After tensile testing, the failure area showed necking where a highly localized strain 
existed. Having looked at the interior of the failed wire, the 3D images captured a change in the 
microstructure of the wire (yellow-green color) as well as another possible location of 
macroscale void formation away from the main neck, marked with an arrow in Figure 6.3 (b). 
The lighter yellow-green colored interior that was detected by X-ray microCT can be due to the 
formation of voids, and thus reduced density, or alteration of the lattice structure, at a length 
scale below that of the X-ray tomography capabilities. 
 
Figure 6.3 3D volume rendered images of (a) virgin wire and (b) after tensile testing at the 
failure location. 
 
 To resolve what was observed within the interior of the Sn wire, small disks of virgin and 
tested wire were cut and visualized using the SEM. To acquire disk thicknesses less than 20 μm, 
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a microtome method was utilized with the Leica EM UC6 Microtome at the Materials Research 
Laboratory (MRL). This method first required the wire to be embedded within an epoxy matrix 
and allowed to cure for 24 h. After curing, a cryochamber stage was attached to the Leica 
microtome and the sample mounted. The cyrochamber reduced the temperature and increased the 
hardness of the sample allowing a better cut of thin disks. Figure 6.4 (a) shows a thin cross-
sectional disk sample of virgin Sn wire prior to testing. The area surrounding the cut Sn disk was 
epoxy matrix that was cured around the wire. In this particular disk, the cut was not as clean as 
desired and a small portion of the cross-section was sheared off. After increasing imaging 
magnification, the close up of the Sn interior revealed a smooth surface with no evidence of pre-
existing voids. The diagonal marks visible in the image came from the microtome cutting 
method. Comparing this with the Sn wire after tensile loading (no lithiation) in Figure 6.4 (b) 
showed a slight difference in the low magnification image, but significant difference with higher 
magnification. The interior microstructure of the wire now contained surface roughness of the 
tested Sn disk. This observation gave confidence in what was visualized using X-ray microCT, 
shown in Figure 6.3 (b), where the interior of the wire changed to a lower density material as 
indicated in the color change from red to yellow-green. On the surface of the tested Sn wire 
(Figure 6.4 (c)) SEM images revealed what appeared to be surface cracks on the side of the wire 
at a high magnification with a relatively smooth surface at the failure tip of the wire where 
necking occurred. Zooming into the red marked box on the side of the wire in Figure 6.4 (c) 
showed an edge deformation that occurred out of plane that most resembles that of a slip system. 
Since the wire was of a β-Sn phase, tetragonal crystal structure, the most common slip system 
was a slip plane of {110} with a slip direction of <111>. This slip system behavior explained the 
observation at the micro level on the surface of the Sn wire where out of plane deformations 
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occur along different slip planes and causing the change in geometry and wavy profile 
throughout the vertical wire length.  
 
Figure 6.4 SEM images of high and low resolution of a (a) cross-sectional area of virgin wire, 
(b) cross-sectional area of tensile tested virgin wire, and (c) tensile wire necking tip and zoomed 
in region to side of wire.  
  
 The suggested next directions for this work of relating the mechanical properties with the 
electrochemical effects due to lithiation would be to incorporate the testing of lithiated wires. 
Wires would need to possess a similar C-rate to C/60 experimental data discussed in Chapter 5. 
Other tests can be done at faster rates allowing a parametric study of the rate effects on 
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mechanical and electrochemical properties. Such tests would have to occur within an Ar glove 
box to prevent oxidation of the Sn wire enabling imaging capabilities. Upon successful testing 
for different lithiation amounts and rates, a rule of mixtures model can assist in gathering the 
material properties of the LixSn shell at a specified time of applied lithiation. It might also be of 
interest to incorporate nanoindentation in conjunction with the microtome method discussed to 
acquire disks at different times of lithiation. This can also allow a quantitative study of the 
mechanical properties within the interior of the wire. As the indentation tip moves across a 
lithiated wire, the properties of many phases can be resolved. Utilizing the mechanical properties 
in combination with 3D detailed phase mapping can resort to comprehensive models and better 
characterization of the coupled mechano-electrochemical response.   
 
6.2.2 Digital Volume Correlation Applied to Battery Electrodes 
 This work has described the use of X-ray microCT imaging to visualize, characterize, and 
quantify global and local particle evolution during lithiation and delithiation for high capacity Si 
and Sn electrodes. The electrochemical response of these materials led to changes in their 
mechanical response both globally and locally within the electrode. An excellent candidate for a 
metrology technique that can be combined with 3D X-ray microCT data to gain a better 
understanding of the generation of mechanical strains during lithiation in such electrodes is 
Digital Volume Correlation (DVC). The DVC method is a 3D extension of 2D Digital Image 
Correlation (DIC), the latter of which measures in-plane surface displacement and strain fields. 
Similarly to 2D DIC, in DVC the material of interest must possess an internal random “speckle” 
pattern of features detectable by the imaging device. In DVC, this internal pattern can either be 
naturally existing in the material over a particular length scale, e.g., bone and foam [35, 46, 48], 
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or one that is embedded during manufacturing [39, 65-67]. A brief description of DVC is given 
here, and the reader is referred to Sutton et al. [68] for more details on the method.  
 A conceptual example of the DVC method is shown in Figure 6.5 on a polymer 
composite of Polydimethylsiloxane (PDMS) with embedded silica glass beads of 35 μm. A 
reference 3D volumetric dataset is shown as a series of tomography-extracted horizontal slices 
(x-y plane) through the z-axis (Figure 6.5 (a)). The 3D data represents intensity values (based on 
absorption and attenuation coefficients mentioned in the earlier chapters) at voxel locations on a 
3D grid. Figure 6.5 (a) shows four slices out of a total of approximately 950 slices in the original 
state. Each slice reveals the internal speckle pattern and a representative volumetric subset is also 
shown as a yellow cube. The sample is then deformed (in situ or ex situ) and the slices extracted 
from the deformed state are illustrated in Figure 6.5 (b). In this example, the polymer composite 
is deformed with a rigid body rotation. A 3D correlation grid is then defined (the red dashed 
boundary) with a 3D subset (subvolume) surrounding each correlation point. Only one 
correlation subset is displayed as the yellow cube in the figure. For each correlation point, DVC 
computed the displacements that map the subset in the reference volume (Figure 6.5 (a)) to the 
subset in the deformed volume (Figure 6.5 (b)) yielding the best correlation. The resultant 
displacements in this case are a rigid body rotation of 2° with the displacement field overlaid on 
the reference volume in Figure 6.5 (c).  
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Figure 6.5 DVC method demonstrated with applied rigid body rotation of 2° throughout 
approximately 950 slices. DVC applied to 3D slices where volumetric subset in yellow of the (a) 
reference state is mapped to subset in the (b) deformed state. The (c) resultant displacement field 
is superimposed onto the reference slices showing rigid body rotation.   
 
 The DVC technique was used in the case of a graphite composite electrode to show the 
generation of internal strains and displacements resultant of lithiation. It was determined that the 
best pattern for polymer composite electrodes was the incorporation of 5μm-10%vol. ZrO2 
marker particles. These markers yielded the best internal speckle pattern for DVC results based 
on experimental baseline, translation, and pattern quality studies (not presented here). Scans 
were acquired before testing, and after different lithiation times. In the case of graphite, lithiation 
was carried out fully since volume expansions were reported to be around 10% [7].  
 To demonstrate global DVC displacement and strain measurements resulting from Li 
intercalation, a freestanding graphite composite battery electrode manufactured with embedded 
ZrO2 markers (10%vol.). The mass percent of the materials used was 26%wt. PVDF, 11%wt. 
CB, 25%wt. ZrO2, and 38%wt. graphite (< 25 μm). The graphite electrode volume rendered 
image is shown in Figure 6.6 for step 0 of X-ray microCT scan at 10x magnification. A similar 
configuration to the Sn wire in situ GCPL testing with the R-LIB cell was used here. The dotted 
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region within the 3D image shows the location of one (out of 974) extracted 2D cross-sectional 
slice shown below the 3D rendered image. The pattern created by the ZrO2 markers (white dotted 
particles) was vital for use with DVC. This electrode was tested using GCPL by 10 h lithiation 
increments using a C/30 rate for the first half cycle. The voltage vs. specific capacity curve is 
shown in Figure 6.7 with labeled locations of X-ray microCT scans (step 0 is the unlithiated 
electrode). The electrode achieved 369 mAh/g specific capacity (step 3) while other scans were 
taken at 123 mAh/g (step 1) and 246 mAh/g (step 2). The deformations experienced here were 
not large, thus enabling DVC computations by correlating each incremental step (step 1, 2, 3) 
with the reference (step 0). The subset size used here was 41
3
 with step size of 21 (similar 
parameters to the experimental validation tests). A total of 15,708 correlation points were 
computed for the defined correlation gird.  
 
Figure 6.6 3D volume rendering of graphite composite electrode with dispersed ZrO2 markers. 
The yellow dotted box shows the location of an extracted 2D cross-sectional slice. 
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Figure 6.7 In situ GCPL testing of graphite composite electrode. Numbered locations show 
locations X-ray microCT scans and were DVC correlations were applied.  
  
 The first set of results presented here is the raw local displacement field in the form of a 
3D quiver vector plot in Figure 6.8. The displacement vectors for step 3, 30 h lithiation, are 
colored in to show the magnitude of the displacements in voxels. The overall displacement field 
revealed displacement motion to the upper right side of the electrode (positive x direction). 
Displacement magnitudes as high as 30 voxels were resolved. Typically, when uniform motion is 
observed as in Figure 6.8, there might have been a significant amount of rigid motion due to 
microCT stage controller not returning to its original position correctly. For this reason a rigid 
body translation field was fitted to the raw DVC data to obtain the translations via least squared 
minimization. The rigid body motions (RBMs) were then subtracted from the raw DVC 
displacements to gather the corrected DVC displacements minus RBM and the 3D quiver 
displacement result is shown in Figure 6.9 (a). The displacement field is shown to increase 
radially suggesting electrode growth with displacements as high as 10 voxels.  Figure 6.9 (b) 
shows a 2D slice x-z plane view of the vector displacements for clarity. The 2D displacement 
shows the outward radial displacement field of the electrode due to lithiation effects.  
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Figure 6.8 Raw displacement field in the form of vector quiver plot for step 3, 30 h lithiation.  
 
 
 
Figure 6.9 Corrected displacement field (minus RBMs) for step 3 (30 h lithiation). Top plot (a) 
shows all correlation points computed in electrode while (b) shows slice view of x-z plane. 
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Figure 6.9 (cont.) 
 
 
 Lastly, the strains determined from DVC are presented at each lithiation step. In Figure 
6.10 (a), the εxx after 10 h of lithiation showed an inhomogeneous strain field with 0.8% strain in 
the x direction. Upon further lithiation, the εxx field continued to increase with strains as high as 
1.5%. Following 30 h of lithiation, the graphite electrode was seen to have high strain 
concentrations near the surface rather than the interior most likely due to Li diffusion and surface 
expansion. Figure 6.10 (b) shows the εyy field within the electrode. As lithiation progressed to 
30 h, high εyy concentrations were observed near the electrode edges with measured values has 
high as -10%,  a similar result to the 10% volume expansion reported in literature. Lastly, the 
equivalent strain, εeq, is shown in Figure 6.10 (c). The strains here were seen to represent that of 
the dominant strains, εyy, but with magnitudes up to 7% strain. High strain concentrations were 
again observed at the electrode edges, locations where the electrode was cut using a razor blade 
resulting in pre-existing damage. These areas of high strain represent not only existing damage 
from electrode cutting but also locations of high Li diffusion.  
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(a) 
 
(b) 
Figure 6.10 DVC strain results at each lithiation step (1 – 10 h lithiation , 2 – 20 h lithiation, and 
3 – 30 h lithiation). Results are showed in the form of entire volume and the mid-plane slices in 
each direction. The set of strains shown are (a) εxx, (b) εxx, and (c) εeq.. The axes are shown as 
correlation points.  
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Figure 6.10 (cont.) 
 
(c) 
 
 As a first approach towards applying DVC to battery electrodes, these results show 
feasibility in the DVC method measuring lithiation-induced strains. However, further work to 
validate these results need to be done. Additionally, it is suggested to investigate the strain 
evolution dependence on C-rates and incorporate new configurations such as constrained 
electrodes. Although the graphite electrode was presented here for demonstration of the method, 
high capacity materials such as Sn and Si should be pursued. However, using these two other 
materials would require more care in making such samples to satisfy both electrochemical and 
3D analysis technique requirements. In the case of Sn, the density is very high in comparison to 
ZrO2 so X-ray microCT would not capture the embedded pattern. Therefore, it is suggested to 
use Sn as the markers (< 10 μm) but partially lithiating the electrode to prevent severe volumetric 
changes which will disrupt DVC correlations. For Si, embedding ZrO2 gave the best patterns 
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seen with preliminary samples. Limiting the Si particle size to less than 5 μm would help with 
tracking the ZrO2 markers accurately. These measurements would be a global analysis on the 
scanned electrode FOV from X-ray microCT as was demonstrated for the case of graphite 
electrode.   
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APPENDIX A            
Tomography, Reconstruction, and Visualization Procedures  
 
 
X-ray Tomography Scan Set up 
 
1. Place loading device or cell on the X-ray microCT stage holder. Make sure source and 
detector are not touching the loading device or lithium ion battery cell.  
2. Place the sample within the field of view (FOV) by using low magnifications giving a larger 
FOV, i.e., 1x, 2x, or 4x, and then change camera to desired magnification.  
3. Align the sample first using X and Y location coordinates to center the sample within the 
FOV. Then rotate the sample +90 degrees and mark the edges. Rotate -90 degrees and mark 
the new locations of the sample edges. Input half the distance between these two lines into 
the Z step prompt. Rotate back to +90 degrees and iterate as much as needed until the sample 
is centered about the z-axis.  
4. Next ensure the X-ray absorption amount is between 0.25-0.5 (normalized). It is typically 
recommended to use at an absorption amount of at least 0.33 while 0.5 would be the best. 
This is done by taking a picture with the sample in the FOV and one without (reference, step 
9) and using image divide function.  
5. Adjusting for higher X-ray energy can usually oversaturate your sample so ensure your 
signal level (on the histogram) is greater than 3,000 counts. It is recommended to stay below 
10,000. Managing the X-ray absorption amount with signal level is a combination of 
adjusting the voltage, power, and exposure time. Use settings that best fit your needs but 
keep in mind that a higher signal level typically requires longer exposure times resulting in 
longer scan times.  
6. Determine final properties for scanning (i.e., exposure, binning, voltage, power, 
magnification, source, and detector) 
7. Take a single 2D radiograph image with the defined parameters – Go to acquisition settings 
(two gears), click on single, and input exposure and binning properties and capture.  
8. Define your scanning FOV for 360 degree imaging. In your toolbox window, click the box 
with an “X” in it and select the tomography FOV that you want to scan (red box). It will 
appear as location A in the upper left hand corner.  
 151 
9. Next obtain the reference image. For all samples, load devices and LIB cells, it worked best 
to not remove the same from the holder but simply moving the sample in the X direction by 
18000 μm. Go to Acquisition Settings (Two Gears), click on Averaging tab and input 10 
images to average for the reference image along with the power, binning, and voltage 
properties. (Reference image should be an averaged image with the sample out of the FOV). 
10. Move sample back into FOV after obtaining the reference image.  
11. Setup Recipe file by clicking on the four gears. 
12. Add tomography point/location located in the Tomography Locations section. Every time 
you add a tomography location or point, another scan will take place immediately after the 
first. In the case of baseline and translation tests done for DVC, multiple tomography 
locations were inputted into this section allowing successive scans without manually 
adjusting after each one. Of course, make sure you define other locations or points which will 
then be labeled B, C, etc.  
 
13. Change acquisition settings (start, end angles, # of images, exposure, binning). A portion of 
the recipe dialog box is shown below. The start and end angles are determined based on how 
many images per degree increment are taken and averaged. For 360 degree imaging with an 
average of n images per degree increment, the following relation is used (left):  
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14. Under the Reconstruction Tab select Do Not Auto Recon or Collect Reference. Doing this 
manually improves the results significantly. Leave all other settings as is.  
15. Name the file, save it in the chosen directory. Run scan by clicking on Run Current Recipe. 
16. Repeat the above steps for setting up deformed or other subsequent scans. To keep things 
consistent and allow for CT byte scaling, use the same parameters for undeformed and 
deformed scans meaning only the alignment and tomography location need to be determined.  
*** For more detailed information on setting up the X-ray tomography recipe file, refer to the 
MicroXCT Users Manual Version 8. 
 
 
Reconstruction  
 
1. Prior to reconstruction, open up the tomography 2D radiograph scan data (.txrm) in the 
XMController program.   
2. Apply reference image to the scanned data file by going to the Reference tab under Image 
Controls. Select reference image to upload, apply, and resave the .txrm file.  
3. In the Reconstruction program, open the .txrm file. 
4. Open the “Arrow” button tab on the menu. Place the red reference line in the location in 
which you want to determine the center of shift. Typically place this where a larger object is 
so the center of shift is easier to determine.  
5. Turn off auto correct intensity. It was easier to find the exact center of shift with this off.  
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6. Determine the center of shift, i.e., 15. 
7. Select Reconstruction settings tab, and the following window will open. 
 
 
 
8. Input center of shift (pixels) which is circled to the left of the above figure. Leave output data 
type at USHORT(16bit) and binning of 1. Beam hardening was not used here, select no ring 
removal and disable defect correction. Leave the default kernel smoothing as 0.5. (CT byte 
scaling also circled in red discussed later). 
9. Begin reconstruction by selecting the Reconstruct button (takes anywhere between 5-15 
minutes). 
10. When reconstructing a subsequent or deformed scan with parameters the same as the original 
scan, use CT byte scaling. 
11. Open the reconstruction file in XMController, which is now a volume viewer file (.txm). 
12. Open the Image Controls settings, go to the Info tab, and select the option to show 
reconstruction parameters.  
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13. Record the global min and max parameters (circled in image below). 
 
14. For successive or deformed samples scans, input these values into the Reconstruction 
Settings under the Byte Scaling section.  
 
 
Conversion to Amira Readable File 
1. Open 3DViewer program  
2. Load the reconstruction file created (.txm) 
3. Load out-of-core mode which will then load the data and create a .txm-exm-ooc file that is 
readable by Amira visualization software. It is not recommended to do any 3D visualizations 
on this software. Only for quick visualization but this program does not allow any analysis. 
                              
 
  
							s	
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APPENDIX B            
Additional Si particle Local Analysis 
 
Figure B.1 Si particle 1, located 220 μm from electrode top with different lithiation levels. 
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Figure B.2 Si particle 3, located 544 μm from electrode top with different lithiation levels. 
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Figure B.3 Si particle 4, located 728 μm from electrode top with different lithiation levels. 
 158 
 
Figure B.4 Si particle 5, located 1450 μm from electrode top with different lithiation levels. 
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